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Introduction 


Prostate  cancer  is  the  leading  cancer  diagnosed  among  men  in  the  United  States.  Detection  is  currently 
based  on  symptom  presentation,  physical  examination  including  a  digital  rectal  exam  (DRE),  measuring 
serum  levels  of  pro  state- specific  antigen  (PSA)  and  biopsy.  The  DRE  can  not  detect  certain  tumors  (that 
are  nonpalpable  or  physically  inaccessible)  and  PSA  levels  are  elevated  in  certain  non-cancerous 
conditions  (acute  prostatitis  and  benign  prostatic  hyperplasia).  PSA  measures  have  a  high  rate  of  false 
positive  test  results  (the  PSA  is  elevated  but  no  cancer  is  present).  False  positives  are  associated  with 
additional  medical  procedures,  significant  financial  costs  and  mental  stress.  In  addition  both  DRE  and 
PSA  can’t  detect  early  tumors  and  are  sometimes  uninformative  in  terms  of  predicting  disease 
progression.  Biopsies  performed  for  confirmation  of  abnormal  test  results  or  to  follow  disease 
progression  or  response  to  treatment  can  have  side-effects  that  impact  profoundly  upon  the  quality  of 
life. 

Our  hypothesis  is  that  serum  levels  of  a  gene  family  we  have  been  studying  are  an  informative  marker 
for  prostate  cancer  detection  and  progression.  Members  of  this  gene  family,  termed  SIBLINGS  for  Small 
Integrin  Binding  Ligand  N-linked  Glycoproteins)  are  induced  in  different  cancers  [1]  have  been  shown 
to  bind  and  modulate  matrix  metalloproteinase  (MMP)  activity  through  both  the  activation  of  the  latent 
proenzyme  and  reactivation  of  tissue  inhibitor  of  matrix  metalloproteinase  (TIMP)-inhibited  MMP  [2]. 
MMPs  have  a  well  defined  role  in  tumor  angiogenesis,  progression  and  metastasis  [3].  The  biological 
activity  of  SIBLINGS  and  MMPs  is  consistent  with  a  role  for  SIBLINGS  in  early  tumor  progression. 
This  biological  plausibility  suggests  that  the  levels  of  these  proteins  in  blood  may  be  used  as  not  only  as 
adjuncts  to  conventional  detection  of  prostate  cancer,  but  also  as  serological  markers  for  prostate  cancer 
progression.  A  confounding  facet  of  prostate  cancer  is  the  variable  nature  of  progression  (growth  rate, 
metastasis,  etc.)  and  the  absence  of  non-invasive  markers  that  consistently  track  with  progression.  The 
characterization  of  novel  serum  markers  whose  levels  may  correlate  with  disease  progression  will  have  a 
profound  effect  on  current  prostate  cancer  management.  The  work  has  the  potential  to  benefit 
individuals  with  prostate  cancer  across  the  spectrum  from  early  detection  to  disease  progression 
monitoring  and  modulating  therapy.  This  is  a  pre-clinical,  translational  study  that  will  lay  the 
groundwork  for  future  large  scale  clinical  trials. 

Body 

Overview: 


At  of  the  end  of  the  fourth  year  of  the  grant  (a  no  cost  extension),  all  Tasks  have  been  completed. 
The  no  cost  extension  had  been  requested  to  enable  the  completion  of  the  SIBLING  assays,  accrual  of 
longitudinal  samples  and  unblinding  of  the  study.  During  the  development  of  the  assays  in  creating  the 
reagents  (antibodies,  recombinant  proteins,  adenoviral  vectors,  etc.)  a  number  of  novel  observations 
were  made  on  SIBLING  biology  that  are  summarized  in  the  Results  section,  below  the  summaries  of 
completed  Tasks. 

Statement  of  Work: 

The  tasks  outlined  in  the  original  Statement  of  Work  were  to: 
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Task  1.  To  determine  the  utility  of  serum  SIBLING  (BSP,  OPN,  DMP1  and  DSPP)  levels  in 

detecting  cancer  of  the  prostate  (Months  1-8): 

a.  Using  competitive  ELISAs,  measure  the  distribution  of  BSP,  OPN,  DMP1  and  DSPP  in 
200  normal  individuals  free  of  prostate  cancer. 

b.  Using  competitive  ELISAs,  measure  the  distribution  of  BSP,  OPN,  DMP1  and  DSPP  in 
individuals  with  prostate  cancer. 

c.  Using  competitive  ELISAs,  measure  the  distribution  of  BSP,  OPN,  DMP1  and  DSPP  in 
200  individuals  with  benign  prostatic  disease. 

d.  Determine  sensitivity,  specificity,  positive  and  negative  predictive  values  as  well  as 
receiver  operating  characteristic  (ROC)  curve  analyses. 


Task  2.  To  determine  the  utility  of  serum  SIBLING  (BSP,  OPN,  DMP1  and  DSPP)  levels  in 
predicting  prostate  cancer  progression  (Months  9  -  22): 

a.  Using  competitive  ELISAs,  measure  BSP,  OPN,  DMP1  and  DSPP  in  baseline  samples  from 
200  prostate  cancer  patients  with  clinically  characterized  stage  and  progression  state. 

b.  Using  competitive  ELISAs,  measure  BSP,  OPN,  DMP1  and  DSPP  in  longitudinal  samples 
collected  yearly  after  initial  diagnosis  of  prostate  cancer  in  200  patients. 

c.  Test  for  clinical  association  between  serum  SIBLING  levels  and  tumor  grade,  stage  and 
progression. 

Task  3.  To  determine  the  utility  of  serum  SIBLING  (BSP,  OPN,  DMP1  and  DSPP)  levels  in 
assessing  response  to  treatment.  (Months  23  -  36). 

a.  Using  competitive  ELISAs,  measure  BSP,  OPN,  DMP1  and  DSPP  in  longitudinal  samples 
from  200  prostate  cancer  patients  undergoing  treatment. 

Treatment:  androgen-deprivation  therapy  (gonadotropin-releasing  hormone  peptide 
analogues)  with  a  three  year  follow-up  and  serum  samples  drawn  at  baseline  and  every  six 
months  (1,400  samples  total). 

b.  Test  for  statistical  association  between  serum  SIBLING  levels  and  prostate  cancer  progression 
after  treatment. 


Results: 

Task  1  Results.  Determining  the  utility  of  serum  SIBLING  (BSP,  OPN,  DMP1  and  DSPP)  levels  in 
detecting  cancer  of  the  prostate. 

The  major  results  of  the  SIBLING  sera  screen  in  prostate  cancer  were  presented  at  a  Gordon 
Research  Conference  on  Small  Integrin-Binding  Proteins  held  August  8th,  2007  in  Biddeford,  ME.  As 
well  as  at  the  Innovative  Minds  in  Prostate  Cancer  Today  (IMPaCT)  meeting  on  September  8,  2007  in 
Atlanta,  GA.  The  abstract  describing  the  presentation  at  IMPaCT  is  included  in  the  Appendix.  A 
manuscript  describing  the  distribution  of  SIBLINGS  in  normal  and  prostate  cancer  sera  has  been 
submitted  and  is  also  included  in  the  Appendix. 
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In  work  that  has  been  submitted  for  publication,  the  sensitivity  and  specificity  of  SIBLINGS  in 
prostate  cancer  detection  is  described  [10].  DSPP  provided  the  best  discriminatory  power  (Figure  1). 
When  serum  from  subjects  with  benign  prostatic  hyperplasia  (BPH)  were  also  analyzed  for  SIBLINGS, 
the  mean  serum  values  for  BSP  and  DSPP  was  significantly  different  from  both  normal  and  prostate 
cancer  sera  (Figure  2  and  Table  1),  though  there  was  significant  overlap  between  benign  prostatic 
disease  and  prostate  cancer  values  for  BSP.  Average  OPN  levels  in  BPH  and  prostate  cancer  were  not 
significantly  different.  Again,  DSPP  provided  the  maximal  sensitivity  and  specificity. 


Figure  1.  Serum  levels  of  SIBLINGS  in  prostate 
cancer  sera.  Serum  levels  of  (a)  bone  sialoprotein 
(BSP),  (b)  osteopontin  (OPN)  and  (c)  dentin 
sialophosphoprotein  (DSPP)  in  samples  from  normal 
subjects  (NL)  and  subjects  diagnosed  prostate  cancer 
(PCA)  were  quantified  using  competitive  ELISAs 
following  sample  extraction  and  clean-up.  MEPE 
values  were  no  different  between  normal  and 
prostate  cancer  subjects,  results  not  shown.  Receiver 
Operator  Characteristic  plots  were  determined  for  (d) 
BSP,  (e)  DSPP  and  (f)  OPN.  Optimal  cut-off  values 
of  93,  358  and  500  for  BSP,  OPN  and  DSPP, 
respectively,  were  identified  from  the  ROC  analysis. 


Table  I.  Average  Serum  SIBLING  levels  . 


NL 

BPH 

PCA 

cut-off 

Sensitivity 

specificity 

BSP  (ng/ml) 

114  +  63 

157+42 

222  +  96 

93  ng/ml 

75% 

40% 

OPN  (ng/ml) 

353  + 130 

462  + 179 

546  + 170 

358  ng/ml 

92% 

30% 

DSPP  (ng/ml) 

242  ± 122 

358  +  157 

1500  +  495 

500  ng/ml 

90% 

100% 

Figure  2.  Serum  SIBLING  levels  in  subjects  t,»11 
with  benign  prostatic  disease.  Serum  levels  of 

HOC 

(a)  bone  sialoprotein  (BSP),  (b)  osteopontin 
(OPN)  and  (c)  dentin  sialophosphoprotein 
(DSPP)  in  samples  from  normal  subjects  (NL),  ^ 

subjects  with  benign  prostatic  hyperplasia 
(BPH),  and  subjects  diagnosed  prostate  cancer  ai( 

(PCA)  and  were  quantified  using  competitive 
ELISAs  following  sample  extraction  and  clean-  11 
up. 

Task  2  Results.  Determining  the  utility  of  serum  SIBLING  (BSP,  OPN,  DMP1  and  DSPP)  levels  in 
predicting  prostate  cancer  progression. 

a.  SIBLINGS  and  prostate  cancer  stage.  The  prostate  cancer  group,  subjects  whose  serum  was  drawn  at 
diagnosis  and  prior  to  any  treatment,  were  clinically  characterized  by  stage  and  were  found  to  be 
distributed  between  stages  II  and  IV.  In  order  to  assess  early  stage  contribution  of  SIBLING  levels, 


-L. _ Z _ . _ I _ . _ i _ . _ I  I _ 1 _ . _ . _ Jf) 

NL  BPH  PCA  NL  BPH  PCA  NL  BPH  PCA 
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additional  prostate  cancer  sera  were  obtained  from  subjects  with  stage  I  disease  (n  =  18).  The  prostate 
cancer  samples  were  segregated  by  stages  (I,  II,  III  and  IV;  where  stage  I  cancer  is  localized  and  non- 
palpable  by  DRE,  stage  II  cancer  is  localized  within  the  prostate  but  palpable,  stage  III  cancer  has 
broken  through  the  covering  of  the  prostate  but  is  still  regional,  and  stage  IV  cancer  has  spread  to  other 
tissues.  Only  18  subjects  with  stage  1  disease  were  identified  for  inclusion,  while  the  rest  of  the  prostate 
cancer  samples  were  evenly  distributed  between  stages  II  and  IV.  When  the  distribution  of  BSP,  OPN 
and  DSPP  were  profiled  by  stage  using  Tukey  box  plots,  discrete  patterns  were  observed  (Figure  3). 
Both  BSP  and  OPN  only  significantly  increased  in  late  stage  disease,  while  DSPP  was  elevated  from 
stage  II  onward. 

,,  Figure  3.  Serum  SIBFINGs  and  prostate  cancer 
stage.  The  distribution  of  SIBFING  values  between 
cancer  stages  was  compared  for  (a)  BSP,  (b)  OPN 
1IWI  and  (c)  DSPP  by  box  and  whiskers  plots.  In  Tukey 
1  plots,  the  box  frame  defines  the  lower  and  upper 
quartile,  the  whiskers  depict  1.5  x  the  interquartile 
range,  the  line  within  the  box  marks  the  median 
value  and  the  solid  circles  represent  outliers. 

U 

stage 

b.  SIBLINGS  and  disease  progression. 


The  potential  correlation  of  baseline  SIBFING  serum 
values  with  disease  progression  was  investigated  in  subjects 
followed  longitudinally  for  up  to  two  years  post  diagnosis  and 
treatment.  Baseline  SIBFING  values  were  used  to  segregate 
study  subjects  by  serum  cut-off  values.  Progression  was 
defined  biochemically  as  an  increase  in  at  least  two  successive 
determinations  of  total  serum  PSA  level  (a  significant  increase 
taken  as  an  increase  of  0.5  ng/mF  or  more).  The  probability  of 
remaining  free  of  biochemical  progression  was  estimated  by 
Kaplan-Meier  analysis  (Figure  4). 

Figure  4.  Baseline  SIBFING  values  and  disease  progression. 
Biochemical  progression-free  rates  in  patients  with  clinically 
localized  prostate  cancer.  Biochemical  progression  was  defined 
as  an  increasing  total  serum  prostate- specific  antigen  (PSA) 
level  of  0.5  ng/mF  or  more. 

Analysis  of  the  biochemical  progression  of  localized 
prostate  cancer  yielded  one  year  survival  rates  of  95%  for 
subjects  whose  baseline  serum  BSP  was  less  than  93  ng/ml  and 
87%  for  subjects  whose  baseline  BSP  was  greater  than  93 
ng/ml.  For  baseline  OPN,  survival  rates  were  calculated  to  be 
90%  and  60  %  for  lees  than  and  greater  than  the  358  ng/ml  cut¬ 
off.  For  baseline  DSPP,  survival  rates  were  calculated  to  be 
100%  and  88  %  for  lees  than  and  greater  than  the  500  ng/ml 
cut-off,  respectively.  Two  year  survival  rates  for  subjects  with 
basekine  SIBFING  values  above  the  fixed  cut-off  values  ranged 
between  35  and  48  %.  These  results  suggest  that  SIBFINGs 
can  be  employed  for  progression  prediction. 


0  300  600  900  1200 

days 
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Task  3  Results.  Determining  the  utility  of  serum  SIBLING  (BSP,  OPN,  and  DSPP)  levels  in  assessing 
response  to  treatment. 

Men  with  prostate  cancer  without  metastatic  disease,  were  grouped  as  having  no  treatment  or 
treatment  with  gonadotropin-releasing  hormone  peptide  analogues.  A  control  group  of  age-matched  men 
free  of  prostate  cancer  were  recruited  as  controls.  Serum  samples  were  collected  at  baseline,  6  months 
and  12  months  and  BSP,  OPN  and  DSPP  were  measured  by  competitive  ELISA.  The  serum  SIBLING 
levels  of  normal  control  males  did  not  change  at  the  different  time  points  (Ligure  5).  In  general, 
untreated  prostate  cancer  patients  demonstrated  an  increase  in  serum  BSP,  OPN  and  DSPP  over  baseline 
values.  Adrogen  depravation  therapy  (ADT)  had  no  apparent  effect  on  BSP  levels,  as  both  untreated  and 
treated  cancer  patients  exhibited  significant  increases  in  BSP  levels.  In  contrast,  ADT  treatment  was 
associated  with  a  normalization  of  OPN  serum  values  to  that  of  control,  untreated  normal  men.  Serum 
DSPP  levels  were  on  average,  reduced  by  ADT  treatment  to  values  below  that  of  normal  men.  Because 
of  the  large  subject  to  subject  variation,  a  more  definitive  analysis  of  these  SIBLINGS  as  either 
predictors  or  markers  of  response  to  treatment  will  require  a  larger  sample  size. 


Ligure  5.  Percent  change  in  serum  SIBLINGS  relative  to  baseline  values.  Normal  men  free  of  prostate 
cancer  (n  =  50),  along  with  prostate  cancer  subjects  without  metastatic  disease,  receiving  either  no 
treatment  (n  =  50),  or  adrogen  depravation  therapy  (n  =  40)  were  followed  for  up  to  one  year  after 
initiation  of  treatment.  Serum  samples  obtained  every  6  months  were  analyzed  by  competitive  ELISA 
for  BSP,  OPN  and  DSPP. 

Implications  from  the  completion  of  Tasks. 

The  data  summarized  above  as  well  as  that  included  in  the  attached  manuscripts,  indicate  that 
SIBLINGS  are  promising  markers  for  Prostate  cancer.  The  SIBLING  BSP  appears  to  be  a  marker  of 
disease  progression,  while  OPN  levels  reflect  immune  or  inflammatory  components  associated  with 
prostate  cancer.  Of  the  SIBLINGS,  DSPP  has  the  highest  sensitivity  and  specificity  and  by  itself  is  a 
reasonable  marker  for  prostate  cancer  detection.  It  is  possible  that  DSPP  measures,  in  combination  with 
PSA  measures  may  improve  the  specificity  for  prostate  cancer  detection,  compared  to  PSA  alone  as  a 
screen.  Based  on  these  results,  the  next  logical  steps  are  to  move  to  larger  scale  clinical  studies  to  assess 
SIBLINGS,  and  especially  DSPP,  as  a  marker  for  prostate  cancer  detection  and  progression. 

Task-related  Research : 
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An  initial  part  of  our  research  was  to  screen  SIBLINGS  for  their  pattern  of  expression  in  cancer 
[4].  The  expression  levels  of  five  SIBLING  gene  family  members  -  BSP,  OPN,  DMP1,  MEPE,  and 
DSPP  as  well  as  certain  MMPs  were  determined  using  cancer  profiling  arrays  containing  normalized 
cDNA  from  both  tumor  and  corresponding  normal  tissues  from  241  individual  patients  representing  9 
distinct  cancer  types.  Significantly  elevated  expression  levels  were  observed  for  BSP  in  cancer  of  the 
breast,  colon,  stomach,  rectum,  thyroid,  prostate  and  kidney;  OPN  in  cancer  of  the  breast,  uterus,  colon, 
ovary,  lung,  rectum,  prostate  and  thyroid;  DMP1  in  cancer  of  the  breast,  uterus,  colon  and  lung;  DSPP  in 
breast,  prostate  and  lung  cancer.  The  degree  of  correlation  between  a  SIBLING  and  its  partner  MMP 
was  found  to  be  significant  within  a  given  cancer  type  (e.g.  BSP  and  MMP-2  in  colon  cancer,  OPN  and 
MMP-3  in  ovarian  cancer;  DMP1  and  MMP-9  in  lung  cancer).  The  expression  levels  of  SIBLINGS  were 
distinct  within  subtypes  of  cancer  (e.g.  breast  ductal  tumors  compared  to  lobular  tumors).  In  general, 
SIBLING  expression  increased  with  cancer  stager  [4]. 

We  were  also  interested  in  SIBLING  and  MMP  co-expression  in  normal  epithelial  tissues,  the 
cells  that  upon  transformation  become  the  tumors  studied  above.  All  five  SIBLINGS  as  well  as  MMP-2, 
-3  and  -9  were  found  to  be  expressed  in  normal  human  salivary  gland  ducts  [5].  In  primates,  all  eight 
proteins  were  limited  to  the  intercalated  duct,  striated  duct,  and  to  some  degree  the  collecting  ducts. 
Mature  mouse  salivary  gland  differed  in  two  ways.  Lirst,  all  three  of  the  MMPs  and  four  of  the  five 
SIBLINGS  were  also  expressed  in  the  acini  of  mice.  DSPP  expression  remained  limited  to  the  rodent 
ducts.  Second,  mature  male  mouse  ducts  under  the  strict  control  of  androgens  become  almost 
exclusively  granulated  convoluted  tubules  and  express  none  of  the  eight  proteins.  Salivary  glands 
therefore  show  that  a  SIBLING  and  its  MMP  partner  were  always  co-expressed  and  can  be  reasonably 
expected  to  form  active  complexes  in  the  pericellular  and  extracellular  spaces  near  these  epithelial  cells. 
These  epithelial  cells  persist  for  many  months  or  years  and  do  not  appear  to  be  assisted  by  any  other  cell 
type  in  the  maintenance  of  local  matrix  proteins.  It  is  our  hypothesis  that  the  SIBLING/MMP  partners 
are  involved  in  the  turnover  of  the  pericellular  and/or  extracellular  proteins  of  these  metabolically  active 
cells  [5]. 

The  SIBLING  MEPE  was  unique  in  that  its  expression  was  not  upregulated  in  any  of  the  solid 
tumors  that  were  investigated.  MEPE  was  originally  identified  during  a  gene  expression  screen  for 
oncogenic  osteomalacia.  The  potential  involvement  of  the  SIBLING  MEPE  in  linear  nevus  sebaceous 
syndrome  (LNSS)  was  studied  [6].  LNSS  is  a  rare  sporadic  congenital  phakomatosis  that  presents  with 
epidermal  hamartomas  (tumor-like  neoplastic  anomalies)  of  unknown  etiology.  A  recurrent  phenotype 
of  LNSS  is  bone  loss  similar  to  the  hypophosphatemic  vitamin  D-  resistant  rickets  associated  with 
mesenchymal-derived  neoplasms  (tumor-induced  osteomalacia).  The  serum  levels  and  response  to 
treatment  of  two  phosphatonins  (phosphate  regulating  hormones)  fibroblast  growth  factor-23  (LGL-23) 
and  MEPE  was  determined.  A  positive  correlation  between  serum  phosphorus  and  MEPE  was  found 
and  the  kinetics  indicated  that  MEPE  is  downstream  of  FGF-23  [6]. 

Our  previous  work  has  shown  that  BSP  can  bind  to  matrix  metalloproteinase- 2  (MMP-2). 
Because  of  MMP  activity  in  promoting  tumor  progression,  potential  therapeutic  inhibitors  were 
developed,  but  clinical  trails  have  been  disappointing.  Using  reagents  developed  during  the  course  of  the 
CDMRP-funded  research,  the  effect  of  BSP  on  MMP-2  modulation  by  inhibitors  was  determined  with 
purified  components  and  in  cell  culture.  Enzyme  inhibition  kinetic  studies  revealed  that  BSP  increased 
the  competitive  inhibition  constant  (Ki)  values  between  15  and  47 -fold  for  natural  (TIMP2)  and 
synthetic  (ilomastat  and  oleoyl-N-hydroxylamide)  inhibitors  [7].  Two  in  vitro  angiogenesis  model 
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systems  employing  human  umbilical  vein  endothelial  cells  (HUVECs)  were  used  to  follow  BSP 
modulation  of  MMP-2  inhibition  and  tubule  formation.  Tubule  formation  by  HUVECs  co-cultured  with 
dermal  fibroblasts  was  reduced  in  the  presence  of  inhibitors  while  the  addition  of  BSP  restored  vessel 
formation.  A  second  HUVEC  cell  culture  system  demonstrated  that  tubule  formation  by  cells  expressing 
BSP  could  be  inhibited  by  an  activity  blocking  antibody  against  MMP-2.  BSP  modulation  of  MMP-2 
activity  and  inhibition  may  define  its  biological  role  in  promoting  tumor  progression  [7]. 

We  had  earlier  observed  that  BSP  can  induce  limited  gelatinase  activity  in  latent  MMP-2  without 
removal  of  the  propeptide  and  to  restore  enzymatic  activity  to  MMP-2  previously  inhibited  by  tissue 
inhibitor  of  matrix  metalloproteinase- 2  (TIMP2).  Using  reagents  developed  during  this  CDMRP-funded 
study,  we  identified  structural  domains  in  human  BSP  and  MMP-2  that  contribute  to  these  interactions 
[8].  The  26  amino  acid  domain  encoded  by  exon  4  of  BSP  is  shown  by  a  series  of  binding  and  activity 
assays  to  be  involved  in  the  displacement  of  MMP-2’ s  propeptide  from  the  active  site  and  thereby 
inducing  the  protease  activity.  Binding  assays  in  conjunction  with  enzyme  activity  assays  demonstrate 
that  both  amino-  and  carboxy-terminal  domains  of  BSP  contribute  to  restoration  of  activity  to  TIMP2- 
inhibited  MMP-2,  while  the  MMP-2  hemopexin  domain  is  not  required  for  reactivation  [8]. 

A  manuscript  describing  the  SIBLING  gene  family  members,  their  association  with  cancer  and 
potential  utility  as  therapeutic  targets  was  published  in  the  March  issue  of  the  journal  Nature  Reviews 
Cancer  [9].  In  this  review,  we  described  the  major  characteristics  of  SIBLINGS  including  their  proposed 
roles  in  normal  tissue  and  the  major  activities  they  display  during  malignant  progression.  Finally,  we 
discussed  their  potential  as  therapeutic  targets  and  prognostic  markers. 

During  a  study  of  SIBLING  expression  in  prostate  cancer  biopsies,  an  association  was  observed 
between  macrophage  infiltration  and  OPN  staining.  This  lead  to  a  study  of  serum  levels  of  a  marker  of 
macrophage  activation,  neopterin,  which  was  found  to  be  correlated  with  OPN  levels  in  prostate  cancer 

so  but  not  in  normal  serum.  Serum  neopterin  levels 
were  found  to  be  significantly  elevated  in  prostate 
60 1  cancer  and  while  the  sensitivity  of  neopterin  to 

1  detect  prostate  cancer  would  appear  to  be  good 
2.  (Figure  2),  age  and  BMI  were  found  to 

2  significantly  modify  neopterin  values  [11]. 

o 

|ono  Figure  2.  Immune  activation  in  prostate  cancer. 

Neopterin  levels  were  measured  by  commercial 
800  ELISA  in  serum  from  a  normal  group  and  a  group 
of  subjects  with  prostate  cancer  (a).  Samples  were 
=  stratified  by  stage  (b)  and  receiver  operating 
Jih13  characteristic  curves  were  generated  (c).  Serum 
200  levels  of  neopterin  and  OPN  were  highly 
correlated,  r2  =  0.4,  p  <  0.0001  (d). 

0 
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Similarly,  the  expression  pattern  of  other  SIBLINGS  were  found  to  be  associated  with  apoptosis. 
DMP1  was  positively  associated  while  DSPP  was  negatively  associated  with  apoptotic  staining.  This  led 
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our  research  to  testing  three  serum  markers  of  apoptosis:  soluble  Fas  (sFas),  soluble  Fas  ligand  (sFasL) 
and  total  cytochrome  C  (Cyt  C).  The  marker  sFasL  is  a  pro-apoptosis  factor,  released  Cyt  C  is  a  key 
intermediate  and  product  of  apoptosis,  while  sFas  is  anti-apoptosis  factor.  The  distribution  of  these 
markers  in  a  large  well  defined  normal  group  as  well  as  a  group  of  recently  diagnosed  cancer  patients 
was  determined  [12].  The  study  found  that  markers  of  apoptosis  (sFasL  and  Cyt  C)  were  decreased, 
while  the  anti-apoptosis  marker  sFas  was  elevated  in  prostate  cancer  (Figure  3.) 


Figure  3.  Global 
apoptosis  is  suppressed 
in  prostate  cancer.  The 
anti- apoptosis  marker 
sFas  (a),  pro-apoptosis 
marker  sFasL  (b)  were 
measured  by  sandwich 
ELISA,  while  total  Cyt 
C  (c)  was  measured  by  a 
quantitative  Western  blot 
methodology.  The 

markers  were  found  to 
change  with  cancer  stage 
(b,  e,  h)  and  exhibit 
reasonable  sensitivity 
and  specificity  (c,  f,  i). 


Chronic  macrophage/immune  activation  (as  reflected  by  elevated  OPN  and  neopterin)  and 
the  shifting  of  the  balance  to  block  apoptosis  (reduced  sFasL  and  Cty  C,  elevated  sFas)  are  likely 
to  facilitate  tumor  development  and  progression.  Macrophage  activation  modifies  the  extracellular 
environment,  activating  proteases,  releasing  and  processing  growth  and  angiogenic  factors.  Blocking 
apoptosis  enables  continued  cancer  cell  survival. 


Key  Research  Accomplishments 


Assay  Development: 

Competitive  ELISAs 

completed  for  BSP,  DSPP,  MEPE  and  OPN. 
Sandwich  ELISAs 

Completed  for  BSP,  DMP1  and  OPN 
Assay  stability 

Reproducible  results 

Assay  Application: 
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Competitive  ELISAs  of  normal  and  prostate  cancer  sera  completed  for  BSP,  DSPP,  MEPE  and 
OPN 

1,300  samples. 

Results  of  note: 

•  SIBLINGS  show  a  distinct  staining  pattern  in  prostate  tumor  biopsies. 

•  Of  the  SIBLINGS,  DSPP  exhibits  the  highest  elevation  in  serum  derived  from  subjects  with 
prostate  cancer. 

•  DSPP  levels  did  not  correlate  with  PSA  values. 

•  DSPP  exists  as  three  distinct  fragments  in  prostate  cancer  sera,  while  in  normal  serum  the 
fragments  are  below  the  limit  of  detection. 

•  OPN  levels  reflect  immune  activation/macrophage  infiltration  in  prostate  cancer. 

•  BSP  and  DSPP  are  potentially  informative  markers  for  prostate  cancer  disease  progression  and 
response  to  treatment. 
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Reportable  Outcomes 
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Fisher  LW,  Karadag  A,  Ogbureke  KUE,  Fedarko  NS.  The  SIBLING  family  of  proteins;  activators  of 
MMPs.  In:  Proceedings  of  the  8th  International  Conference  on  the  Chemistry  and  Biology  of 
Mineralized  Tissues.  Sodek  J,  Landis  WJ  (eds).  University  of  Toronto  Press,  (Toronto,  Ontario, 
Canada)  2005.  pp. 170-173. 

Hoffman  WH,  Jain  A,  Chen  H,  Fedarko  NS.  Matrix  extracellular  phosphoglycoprotein  (MEPE)  but  not 
FGF-23,  correlates  with  serum  phosphorus  prior  to  and  during  octreotide  treatment  and  following 
excisional  surgey  in  hypophosphatemic  linear  nevus  sebaceous  syndrome.  Am  J  of  Med  Genet  A,  2008; 
146A(16):2164-8. 

Jain  A,  Fisher  LW,  Fedarko  NS.  Bone  sialoprotein  alters  MMP-2  affinity  for  natural  and  synthetic 
inhibitors.  Biochemistry,  2008;  47(22):  p.  5986-95. 

Jain  A,  Karadag  A,  Fisher  LW,  Fedarko  NS.  Structural  requirements  for  bone  sialoprotein-binding  and 
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N-linked  Glycoproteins  (SIBLINGS):  Multifunctional  proteins  in  cancer.  Nature  Cancer  Reviews,  2008; 
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Submitted  Manuscripts: 

Jain  A,  Fisher  LW,  Fedarko  NS.  Small  Integrin  Binding  Proteins  as  Serum  Markers  for  Prostate  Cancer 

Detection.  Clin  Can  Res.  2009  (included  in  Appendix) 

Spencer  ME,  Jain  A,  Beamer  BA,  Leng  SX,  Matteini  A,  Punjabi  NM,  Walston  JD,  Fedarko  NS. 

Associations  of  age,  gender,  BMI  and  disease  stage  with  serum  levels  of  the  immune  activation  marker 

neopterin.  J  Geron  Med  Sci.  2008.  (included  in  Appendix) 

Invited  Presentations 

>  “Emerging  biomarkers.”  Advanced  Studies  in  Translational  Research  on  Aging  (ASTRA)  Pearl 
lecture  series.  National  Institute  on  Aging,  January  27th,  2005;  Baltimore,  MD. 

>  “What  do  bone  proteins  have  to  do  with  tumor  progression?”  The  Sidney  Kimmel 
Comprehensive  Cancer  Center  At  Johns  Hopkins  Longrifles  Seminar  Series,  March  2nd,  2005; 
Baltimore  MD. 

>  “MMP  activation  by  SIBLINGS”  Gordon  Research  Conference  on  Small  Integrin-Binding 
Proteins,  September  18th,  2005  Big  Sky,  MT. 

>  “The  Small  Integrin  Binding  Ligand  N-linked  Glycoprotein  (SIBLING)  family,  protease 
activation  and  tumor  progression.  November  18th,  2005;  University  of  LiSge,  Belgium. 

>  "What  do  bone  proteins  have  to  do  with  cancer,  inflammation  and  wound  healing?"  Johns 
Hopkins  Bay  view  Medical  Center  Research  Conference,  Lebruary  16th,  2006;  Baltimore  MD. 

>  “A  good  death,  cellularly.”  Clinical,  Social,  and  Scientific  Loundations  of  Geriatric  Medicine, 
Division  of  Geriatric  Medicine  &  Gerontology,  Johns  Hopkins  University,  June  20th,  2006; 
Baltimore,  MD. 

>  "The  role  of  bone  proteins  in  tumor  progression  and  metastasis."  Johns  Hopkins  University 
Department  of  Orthopedics  Grand  Rounds,  June  30th,  2006;  Baltimore,  MD. 

>  “Assessment  of  bone  function  by  markers  of  bone  turnover.”  Cancer-induced  Bone  Disease: 
Oncology  RML  Mid-Atlantic  Training  Session,  July  27th,  2006;  Baltimore,  MD. 

>  “SIBLINGS  as  Serum  Markers  for  Prostate  Cancer.”  Gordon  Research  Conference  on  Small 
Integrin-Binding  Proteins,  August  8th,  2007  Biddeford,  ME. 

>  “Small  integrin  binding  proteins  as  serum  markers  for  prostate  cancer  detection.”  Innovative 
Minds  in  Prostate  Cancer  Today  (IMPaCT),  Department  of  Defense  Prostate  Cancer  Research 
Program.  September  8,  2007;  Atlanta,  GA. 

>  “Biomarkers  of  aging  and  cancer.”  Clinical,  Social,  and  Scientific  Loundations  of  Geriatric 
Medicine,  Division  of  Geriatric  Medicine  &  Gerontology,  Johns  Hopkins  University,  October 
2nd,  2008;  Baltimore,  MD. 
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Funding  Received 

•  National  Cancer  Institute,  NIH;  R01  CA1 13865;  “Small  Integrin-Binding  Proteins  and  Tumor 
Progression.”  The  goal  is  to  study  the  biological  activity  of  SIBLINGS  in  regulated  angiogenesis 
and  metastasis  in  an  MMP-dependent  manner  using  both  in  vitro  and  in  vivo  animal  model 
systems. 


Conclusions 


Significance 

Prostate  cancer  is  the  leading  cancer  diagnosed  among  men  in  the  United  States.  Detection  is 
currently  based  on  symptom  presentation,  physical  examination  including  a  digital  rectal  exam  (DRE), 
measuring  serum  levels  of  prostate- specific  antigen  (PSA)  and  biopsy.  The  DRE  can  not  detect  certain 
tumors  (that  are  nonpalpable  or  physically  inaccessible)  and  PSA  levels  are  elevated  in  certain  non- 
cancerous  conditions  (acute  prostatitis  and  benign  prostatic  hyperplasia).  PSA  measures  have  a  high  rate 
of  false  positive  test  results  (the  PSA  is  elevated  but  no  cancer  is  present).  False  positives  are  associated 
with  additional  medical  procedures,  significant  financial  costs  and  mental  stress.  In  addition  both  DRE 
and  PSA  can’t  detect  early  tumors  and  are  sometimes  uninformative  in  terms  of  predicting  disease 
progression.  Biopsies  performed  for  confirmation  of  abnormal  test  results  or  to  follow  disease 
progression  or  response  to  treatment  can  have  side-effects  that  impact  profoundly  upon  the  quality  of 
life.  Of  the  SIBLINGS,  BSP  and  DSPP  exhibit  the  highest  discriminatory  ability.  The  next  step  is  to 
perform  large  population  studies  to  confirm  BSP  and  DSPP  as  markers  of  prostate  cancer  disease 
progression.  If  the  utility  of  DSPP  as  an  adjunct  to  PSA  is  replicated  in  a  large  population,  it  will  have  a 
significant  effect  on  current  prostate  cancer  management.  The  work  has  the  potential  to  benefit 
individuals  with  prostate  cancer  across  the  spectrum  from  early  detection  to  disease  progression 
monitoring  and  modulating  therapy.  This  was  a  pre-clinical,  translational  study  that  has  set  the 
groundwork  for  a  large  scale  clinical  trial. 


Plans 

The  results  so  far  indicate  that  a  large  scale  clinical  study  of  measuring  DSPP  serum  levels  is  warranted. 
We  also  plan  to  pursue  the  identification  of  the  prostate  cancer-specific  protease  that  cleaves  DSPP  and 
enables  the  appearance  of  the  fragments  in  serum.  Funding  for  a  large  population  study  is  currently 
being  pursued. 
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ABSTRACT 

Purpose:  Members  of  the  small  integrin  binding  ligand 
TV-linked  glycoprotein  (SIBLING)  gene  family  have  the  ca¬ 
pacity  to  bind  and  modulate  the  activity  of  matrix  metallo- 
proteinases  (MMPs).  The  expression  levels  of  five  SIBLING 
gene  family  members  [bone  sialoprotein  (BSP),  osteopontin 
(OPN),  dentin  matrix  protein  1  (DMP1),  matrix  extracellu¬ 
lar  phosphoglycoprotein  (MEPE),  and  dentin  sialophospho- 
protein  (DSPP)]  and  certain  MMPs  were  determined  using  a 
commercial  cancer  array. 

Experimental  Design:  Cancer  profiling  arrays  contain¬ 
ing  normalized  cDNA  from  both  tumor  and  corresponding 
normal  tissues  from  241  individual  patients  were  used  to 
screen  for  SIBLING  and  MMP  expression  in  nine  distinct 
cancer  types. 

Results:  Significantly  elevated  expression  levels  were 
observed  for  BSP  in  cancer  of  the  breast,  colon,  stomach, 
rectum,  thyroid,  and  kidney;  OPN  in  cancer  of  the  breast, 
uterus,  colon,  ovary,  lung,  rectum,  and  thyroid;  DMP1  in 
cancer  of  the  breast,  uterus,  colon,  and  lung;  and  dentin 
sialophosphoprotein  in  breast  and  lung  cancer.  The  degree 
of  correlation  between  a  SIBLING  and  its  partner  MMP 
was  found  to  be  significant  within  a  given  cancer  type  (e.g., 
BSP  and  MMP-2  in  colon  cancer,  OPN  and  MMP-3  in 
ovarian  cancer;  DMP1  and  MMP-9  in  lung  cancer).  The 
expression  levels  of  SIBLINGS  were  distinct  within  subtypes 
of  cancer  (e.g.,  breast  ductal  tumors  compared  with  lobular 
tumors).  In  general,  SIBLING  expression  increased  with 
cancer  stage  for  breast,  colon,  lung,  and  rectal  cancer. 

Conclusions:  These  results  suggest  SIBLINGS  as  poten¬ 
tial  markers  of  early  disease  progression  in  a  number  of 
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different  cancer  types,  some  of  which  currently  lack  vigor¬ 
ous  clinical  markers. 

INTRODUCTION 

The  small  integrin-binding  ligand  /V-linked  glycoprotein 
(SIBLING)  gene  family  is  clustered  on  human  chromosome  4, 
and  its  members  include  bone  sialoprotein  (BSP),  osteopontin 
(OPN),  dentin  matrix  protein  1  (DMP1),  matrix  extracellular 
phosphoglycoprotein  (MEPE),  and  dentin  sialophosphoprotein 
(DSPP;  ref.  1).  SIBLINGS  are  normally  thought  to  be  restricted 
in  expression  to  mineralizing  tissue  such  as  bones  and  teeth  (1). 
Retrospective  studies  using  pathological  specimens  have  shown 
that  OPN  expression  occurs  in  cancer  of  the  breast,  colon, 
stomach,  ovary,  lung,  thyroid,  kidney,  prostate,  and  pancreas  (2, 
3).  The  expression  of  other  SIBLING  members  in  cancer  has  not 
been  extensively  studied.  BSP  expression  was  been  reported  in 
breast  (4,  5),  prostate  (6),  lung  (7),  and  thyroid  cancer  (8). 
DMP1  has  been  shown  to  be  strongly  up-regulated  in  lung 
cancer  (9).  Elevated  levels  of  MEPE  mRNA  expression  by 
tumors  from  patients  with  hypophosphatemia  and  osteomalacia 
have  been  reported  (10).  The  neoplastic  expression  pattern  of 
DSPP  has  not  been  defined. 

Matrix  metalloproteinases  (MMPs)  are  critical  for  devel¬ 
opment,  wound  healing,  and  the  progression  of  cancer.  We  have 
recently  shown  that  BSP,  OPN,  and  DMP1  specifically  bind 
to  pro  MMP-2,  pro-MMP-3,  and  pro-M VI P-9,  respectively, 
thereby  activating  the  latent  proteolytic  activity  (11).  Further¬ 
more,  it  was  shown  that  active  MMPs  inhibited  by  either  tissue 
inhibitors  of  MMPs  or  low  molecular  weight  synthetic  inhibitors 
were  reactivated  by  their  corresponding  SIBLING.  The  current 
study  was  undertaken  to  determine  the  mRNA  expression  pat¬ 
terns  of  SIBLINGS  in  nine  different  types  of  cancer.  An  addi¬ 
tional  goal  was  to  determine  whether  SIBLINGS  exhibited  ex¬ 
pression  levels  that  correlated  with  their  MMP  partners  as  well 
as  various  measures  of  tumor  progression. 

MATERIALS  AND  METHODS 

Cancer  Array  Analysis.  A  cancer  profiling  array  (prod¬ 
uct  7841-1;  Clontech,  Palo  Alto,  CA)  containing  normalized 
cDNA  from  tumor  and  corresponding  normal  tissues  from  241 
individual  patients  was  used  to  screen  for  SIBLING  and  MMP 
expression  (12).  Several  cancer  profiling  arrays  were  hybridized 
in  ExpressHyb  hybridization  solution  (Clontech)  with  32P-la- 
beled  cDNA  probes  as  per  the  manufacturer’s  instructions. 
Briefly,  1  to  2  X  107  cpm  of  random-prime  labeled  cDNA  was 
made  single  stranded  by  heating  to  95°C  for  5  minutes  and 
allowed  to  hybridize  with  the  prepared  membrane  overnight  at 
65°C.  Membranes  were  washed  in  a  series  of  high  stringency 
washes  as  recommended  by  the  manufacturer.  The  washed 
membranes  were  quantified  by  exposure  to  Phosphorlmager 
screens  for  1  to  24  hours,  and  the  exposed  screen  was  analyzed 
on  a  Phosphorlmager  (Amersham  Biosciences,  Piscataway,  NJ) 
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using  the  manufacturer’s  ImageQuant  program.  All  polymerase 
chain  reaction  (PCR)  products  were  subcloned  into  a  shuttle 
plasmid,  cloned,  and  sequenced,  and  the  inserts  were  gel-puri¬ 
fied  before  32P  labeling  by  random  priming.  Unincorporated 
label  was  removed  before  hybridization. 

SIBLING  Probes.  The  labeled  DNA  used  for  probing 
was  obtained  as  follows.  Human  BSP  and  OPN  were  cDNA 
inserts  released  from  OP- 10  and  B6-5g  plasmids,  respectively 
(13,  14).  Human  DMP1  insert  was  the  ~1.4-kb  coding  region  of 
exon  6  (15)  amplified  from  human  genomic  DNA  subcloned 
into  pBluescript  at  the  BcoRI  and  BamHl  sites  using  oligonu¬ 
cleotides  ATT  AT  AGA  ATTC  A  A  ATG  A  AG  ACCCC  AGTGAC- 
AG  (forward)  and  TAATTAGGATCCAATAGCCGTCTTG- 
GCAGTC  (reverse).  The  MEPE  probe  was  a  1.45-kb,  exon  5, 
cDNA  insert  corresponding  to  the  last  exon  of  human  MEPE, 
which  constitutes  95%  of  the  mature  protein  as  defined  by  Rowe 
et  al.  (10).  The  exon  was  amplified  by  PCR  from  human 
genomic  DNA  using  a  5 '  oligonucleotide  with  a  Ndel  restriction 
site  engineered  in  AGTACCCATATGAAAGACAATATTGG- 
TTTTCACCAT  and  a  3'  oligonucleotide  with  a  BamHl  site 
(CTGATGGGATCCCTAGTCACCATCGCTCTCAC).  The 
PCRproduct  was  subcloned  into  pBluescript  and  sequenced,  and 
the  ~1.5-kb  insert  was  released  with  Ndel  plus  BamHl  and 
labeled.  The  DSPP  probe  corresponding  to  the  last  exon  was 
similarly  amplified  using  a  5'  oligonucleotide  with  a  Hindi II 
restriction  site  engineered  in  CTGTTGGTACCGATATC- 
GAAATCAAGGGTCCCAGCAG  and  a  3'  oligonucleotide 
with  a  Kpnl  restriction  site  (GTGC  A  A  AGCTTCT  A  ATC  AT  - 
CACTGGTTGAGTGG),  subcloned,  and  sequenced,  and  the 
released  ~2.6-kb  insert  was  labeled. 

Matrix  Metalloproteinase  Probes.  Specific  probes  of 
~300  bp  each  for  human  MMP-2,  MMP-3,  and  MMP-9  were 
made  by  PCR  using  human  genomic  DNA  as  template  and  the 
following  oligonucleotides:  MMP-2,  ATTAGGATCCGGTCA- 
CAGCTACTTCTTCAAG  (forward  with  BamHl  site  added  for 
subcloning)  and  ATATGGATCCGCCTGGGAGGAGTACAG 
(reverse  with  BamHl  site);  MMP-3,  ATATGGATCCAGCTG- 
GCTT  A  ATT  GTTGAAAG  (forward  with  BamHl)  and  TAA- 
TGGATCCAACTGACAAATCGTCTTTATTA  (reverse  with 
BamHl);  and  MMP-9,  AATTGAATTCAGAGAAAGCCTA- 
TTTCTGCCAG  (forward  with  BcoRI)  and  TAATGAATTCG- 
GTTAGAGAATCCAAGTTTATTAG  (reverse  with  EcoRl).  In 
each  case,  the  PCR  products  were  subcloned  into  pBluescript 
and  verified  by  sequencing,  and  the  ~0.3-kb  inserts  were  re¬ 
leased  and  labeled.  Membranes  were  used  up  to  three  times, 
each  time  removing  the  previous  probe  according  to  the  manu¬ 
facturer’s  instructions.  The  stripped  membranes  were  reimaged 
by  Phosphorlmager  to  verify  the  removal  of  the  previous  probe. 

Statistical  Analysis.  Clinical  data  linked  to  samples 
spotted  on  the  cancer  profiling  array  were  accessed  through  the 
manufacturer’s  World  Wide  Web-based  database.3  Compari¬ 
sons  between  normal  and  tumor  tissue  (derived  from  the  same 
subject)  were  performed  using  a  paired  t  test.  The  coordinated 
expression  of  SIBLINGS  with  MMP  binding  partners  in  tumors 
was  tested  by  regression  analysis.  Significant  differences  in 
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tumor  subtype  expression  of  SIBLINGS  was  tested  by  Student’s 
t  test.  The  association  of  SIBLING  expression  levels  with  tumor 
stage  was  investigated  using  a  conservative  statistical  approach. 
The  nonparametric  Spearman  rank  order  correlation  was  used  to 
examine  the  correlation  of  tumor  stage  and  SIBLING  expres¬ 
sion.  The  analysis  was  performed  on  untransformed  data,  and 
the  adjusted  Spearman  correlation  coefficient  ( rs )  is  reported. 
All  statistical  calculations  were  carried  out  using  StatView 
software  (SAS  Institute,  Inc.,  Cary,  NC). 

RESULTS 

SIBLINGS  Are  Elevated  in  Multiple  Cancer  Types. 

Because  BSP  and  OPN  protein  expression  have  been  found  to 
be  greatly  increased  in  many  separate,  often  immunohistochem- 
istry-based  studies  of  different  neoplasms,  the  expression  levels 
of  five  SIBLING  gene  family  members  were  determined  using 
a  commercial  cancer  array.  The  array  included  normalized 
cDNA  from  tumor  and  corresponding  normal  tissues  from  241 
individual  patients,  as  well  as  certain  internal  controls  (Fig.  1). 
Because  the  sample  sizes  were  too  small  for  some  tumor  types 
on  the  array,  the  tissues  reported  for  this  study  include  only 
breast,  uterus,  colon,  stomach,  ovary,  lung,  kidney,  rectum,  and 
thyroid.  In  each  array  experiment,  the  patient’s  normal  and 
tumor  cDNA  was  separately  hybridized  with  32P-labeled  probes 
for  BSP,  OPN,  DMP1,  MEPE,  and  DSPP,  and  the  array  was 
digitized  by  Phosphorlmager.  Whereas  BSP,  DMP1,  and  DSPP 
exhibited  minimal  normal  tissue  expression,  significant  OPN 
expression  by  normal  tissues  was  observed.  In  fact,  the  highest 
levels  of  expression  of  OPN  were  seen  in  normal  kidney.  Be¬ 
cause  MEPE  expression  was  minimal  in  both  normal  and  tumor 
tissue,  its  expression  was  not  analyzed  further  (data  not  shown). 
The  amount  of  hybridized  probe  was  quantified,  and  the  average 
expression  values  of  BSP,  OPN,  DMP1,  and  DSPP  in  normal 
and  tumor  tissue  were  compared  (Fig.  2).  The  expression  levels 
of  BSP  were  significantly  elevated  (from  2-  to  6-fold)  in  cancer 
of  the  breast,  colon,  rectum,  thyroid,  and  kidney.  OPN  expres¬ 
sion  was  significantly  elevated  (2-  to  4-fold)  in  cancer  of  the 
breast,  uterus,  colon,  ovary,  lung,  rectum,  and  thyroid.  DMP1 
exhibited  significant  (1.7-  to  3-fold)  elevated  expression  in 
cancer  of  the  breast,  uterus,  colon,  and  lung,  whereas  DSPP 
exhibited  significant  (2-fold)  increase  in  cancer  of  the  breast  and 
lung.  Elevated  SIBLING  family  expression  was  greatest  in 
breast  cancer,  in  which  expression  of  four  different  family 
members  was  increased.  Colon,  lung,  and  thyroid  cancer  had 
significantly  elevated  expression  of  three  different  SIBLING 
family  members.  Of  the  nine  different  types  of  tumors  quanti¬ 
fied,  each  one  had  a  significantly  high  expression  of  at  least  one 
SIBLING. 

Matrix  Metalloproteinases  Are  Elevated  in  Multiple 
Cancer  Types.  We  have  recently  shown  that  three  members 
of  the  SIBLING  family  can  specifically  bind  and  modulate  the 
activity  of  three  different  MMPs  (11).  The  SIBLINGS  BSP, 
OPN,  and  DMP1  were  found  to  bind  to  and  modulate  the 
activity  of  MMP-2,  MMP-3,  and  MMP-9,  respectively.  Corre¬ 
sponding  MMP  partners  for  DSPP  and  MEPE,  if  any,  have  yet 
to  be  identified.  Because  MMPs  have  been  postulated  to  play 
major  roles  in  tumor  cell  progression  and  metastasis  (16),  the 
expression  levels  of  SIBLING-matched  MMPs  were  screened  in 
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Fig.  1  SIBLING  expression  in  different  cancer  types.  A  cancer  profiling  array  was  hybridized  with  cDNA  probes  for  SIBLINGS.  The  arrays 
contained  samples  from  13  different  types  of  cancer  with  paired  normal  and  tumor  tissue  mRNA  from  individual  subjects  (A).  The  amount  of 
hybridized  probe  for  BSP  (B),  OPN  (C),  and  DMP1  I'D)  was  visualized  by  Phosphorlmager.  br,  breast  cancer;  ut,  uterine  cancer;  co,  colon  cancer; 
st,  stomach  cancer;  ov,  ovarian  cancer;  lu,  lung  cancer;  ki,  kidney  cancer;  re,  rectal  cancer;  th,  thyroid  cancer;  n,  normal  tissue;  t,  tumor  tissue.  Those 
hybridization  spots  that  are  not  contiguous  with  the  identified  tumor  types  represent  patient  samples  with  tumor  types  too  few  in  number  to  be 
statistically  useful. 


different  cancer  types.  The  cancer  arrays  were  separately  hy¬ 
bridized  with  probes  for  MMP-2,  MMP-3,  and  MMP-9,  and  the 
expression  values  between  normal  tissue  and  the  corresponding 
tumor  sample  for  each  patient  were  compared  (Fig.  3).  MMP-2 
expression  was  significantly  elevated  in  cancer  of  the  colon, 
stomach,  lung,  and  rectum.  MMP-3  expression  exhibited  signif¬ 
icant  elevation  in  cancer  of  the  breast,  colon,  stomach,  and 
rectum.  MMP-9  expression  levels  were  significantly  elevated  in 
cancer  of  the  breast,  uterus,  colon,  stomach,  ovary,  lung,  rectum, 
and  kidney.  The  increases  in  expression  ranged  from  2-  to  3-fold 
higher  for  MMP-2  and  MMP-3,  whereas  expression  levels  were 
increased  2-  to  7-fold  for  MMP-9. 

Correlated  Expression  of  SIBLINGS  and  Their  Partner 
Matrix  Metalloproteinases.  Given  the  observed  binding  and 
activation  specificity  seen  with  SIBLINGS  and  their  partner 
MMPs  [BSP  with  MMP-2,  OPN  with  MMP-3,  and  DMP1  with 
MMP-9  (11)],  it  was  reasonable  to  postulate  that  SIBLINGS  and 
their  paired  MMPs  might  exhibit  correlated  expression  levels. 
When  the  levels  of  SIBLING  and  matched  MMP  expressed  by 


individual  tumors  were  analyzed  by  regression  analysis,  signif¬ 
icant  correlation  was  seen  within  different  cancer  types  (Fig.  4). 
The  expression  of  BSP  and  MMP-2  was  significantly  correlated 
in  breast  and  colon  cancer  [r2  =  0.40  ( P  <  0.0001)  and  r2  = 
0.36  (P  <  0.0001),  respectively].  OPN  pairing  with  MMP-3 
showed  a  significant  correlation  in  stomach  and  ovarian  cancer 
[r2  =  0.52  (P  <  0.0001)  and  r2  =  0.45  (P  <  0.005),  respec¬ 
tively],  DMP1  and  MMP-9  expression  was  significantly  corre¬ 
lated  in  lung  and  kidney  cancer  [r2  =  0.60  (P  £  0.001)  and  r2 
=  0.39  ( P  <  0.05),  respectively].  Mismatched  pairs  of  BSP  with 
MMP-3,  OPN  with  MMP-2,  or  DMP1  with  MMP-2,  for  exam¬ 
ple,  showed  no  significant  correlation  (data  not  shown). 

SIBLING  Expression  Is  Distinct  in  Different  Cancer 
Subtypes.  Within  cancers  arising  from  a  given  tissue/organ, 
there  are  histopathologically  defined  subtypes  that  are  often 
used  in  assessing  disease  course  and  treatment.  There  were 
sufficient  numbers  of  breast  cancer  array  samples  to  permit 
segregation  by  clinically  defined  subtypes  of  ductal  versus  lob¬ 
ular  tumors.  The  results  of  microarray  screening  of  SIBLING 
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Fig.  2  SIBLING  mRNAs  are 
induced  in  multiple  cancer 
types.  Digitized  exposures  from 
Fig.  1  were  quantified  using 
ImageQuant  software,  and  the 
mean  values  of  relative  expres¬ 
sion  of  BSP  (A),  OPN  (B), 
DMP1  (C),  and  DSPP  (D)  in 
normal  tissue  (□)  and  tumor  tis¬ 
sue  (■)  were  determined  for 
each  of  nine  different  cancer 
types.  Asterisks  denote  the  sta¬ 
tistical  significance  as  deter¬ 
mined  by  paired  t  tests.  *,  P  £ 
0.05;  **,  P  £  0.005;  ***,  P  £ 
0.000 1 .  Error  bars  represent  the 
SE,  and  numbers  in  parentheses 
represent  the  number  of  sub¬ 
jects.  OPN  expression  in  both 
normal  and  tumor  tissue  from 
kidney  is  shown  at  one-tenth  the 
actual  mean  values. 


*  p  <  0.05,  **  p  <  0.005,  ***  p  <  0.0001 


expression  in  breast  cancer  tissue  were  segregated  by  the  path¬ 
ological  classification,  and  the  average  values  of  each  group 
were  compared  (Fig.  5A).  SIBLING  mRNA  levels  were  signif¬ 
icantly  higher  in  the  ductal  cancer  groups,  whereas  the  levels  in 
the  lobular  group  were  intermediate  between  normal  and  ductal 
levels. 

A  similar  analysis  was  carried  out  on  uterine  cancer  sam¬ 
ples,  where  there  were  sufficient  numbers  to  permit  segregation 
into  clinically  defined  subtypes  of  adenocarcinoma,  squamous 
cell,  and  benign  tumors  (Fig.  5 B).  OPN  expression  was  signif¬ 
icantly  different  between  the  two  subtypes  of  malignant  uterine 
tumors  (P  £  0.005)  and  between  malignant  and  benign  tumors 
(P  £  0.05).  The  adenocarcinoma  subtype  expressed  higher 
levels  than  the  squamous  cell  subtype. 


SIBLING  Expression  and  Tumor  Stage.  Defined  can¬ 
cer  stages  represent  how  large  the  tumor  is  and  how  far  it  may 
have  spread.  The  association  of  SIBLING  expression  levels  with 
tumor  progression  was  investigated  by  identifying  tumor  types 
with  sufficient  clinical  detail  to  stratify  into  different  tumor 
stages.  Tumors  from  colon,  rectal,  and  lung  cancer  were 
grouped  by  stage,  and  the  distribution  of  SIBLINGS  was  com¬ 
pared  (Fig.  6).  In  general,  cancer  stages  mark  tumors  that  were 
either  localized  and  had  a  relatively  small  size  (stage  I),  local¬ 
ized  and  larger  in  size  (stage  II),  metastasized  to  lymph  nodes 
(stage  III),  or  metastasized  to  distant  sites  (stage  IV).  Colon 
cancer  tumors  exhibited  mean  values  of  BSP,  OPN,  DMP1,  and 
DSPP  that  increased  between  stage  I  and  stage  III.  Colon  tumors 
with  distant  metastases  exhibited  SIBLING  values  with  a  sim- 


Clinical  Cancer  Research  8505 


Fig.  3  MMP  mRNAs  are  in¬ 
duced  in  multiple  cancer  types. 
Cancer  profiling  arrays  were  hy¬ 
bridized  with  cDNA  probes  for 
different  MMPs,  the  amount  of 
hybridized  probe  was  quantified 
using  ImageQuant  software,  and 
the  mean  values  of  expression  of 
MMP-2  (A),  MMP-3  (£),  and 
MMP-9  (C)  in  normal  tissue  (□) 
and  tumor  tissue  (■)  were  deter¬ 
mined  for  each  of  nine  different 
cancer  types.  Asterisks  denote  the 
statistical  significance  as  deter¬ 
mined  by  paired  t  tests.  *,  P  < 
0.05;  **,  P  <  0.005;  ***,  P  < 
0.0001.  Error  bars  represent  the 
SE,  and  numbers  in  parentheses 
represent  the  number  of  subjects. 


breast  uterus  colon  stomach  ovary  lung  rectum  Ihvroid  kidney 

(53)  144)  (39)  (27)  ( I7»*  (21)  (19)  '(6)  (21) 


*  p<  0.05,  ** p < 0.005,  ***  p  < 0.000 1 


ilar  or  lower  pattern  of  distribution  than  that  of  stage  III  tumors. 
Rectal  cancer  tumors  showed  increasing  BSP,  OPN,  and  DMP1 
levels  from  stage  I  to  stage  IV,  whereas  DSPP  values  were 
unchanged  across  different  stages.  In  lung  cancer,  BSP,  OPN, 
and  DSPP  levels  increased  with  increasing  stage.  When  the 
association  of  SIBLING  expression  and  tumor  stage  in  colon 
cancer  was  analyzed  by  Spearman  rank  order  correlation  anal¬ 
ysis,  only  BSP  was  significantly  correlated  (Table  1).  In  rectal 
tumors,  BSP,  OPN,  and  DMP1  levels  correlated  with  stage, 
whereas  for  lung  cancer,  BSP,  OPN,  and  DSPP  levels  correlated 
with  stage. 

Breast  cancer  tumors  were  stratified  into  tumor-node- 
metastasis  (TNM)  stages,  which  reflect  tumor  size  (T),  lymph 
node  involvement  (N),  and  metastatic  state  (M).  Enough  breast 
tumor  samples  were  analyzed  to  enable  the  analysis  of  SIB¬ 
LING  expression  and  tumor  progression.  Tumors  were  grouped 
by  TNM  stage,  and  the  stages  were  ordered  in  sequence  of 


increasing  progression.  The  sequence  of  tumors  ranged  from 
those  with  no  nodal  involvement  or  metastasis  state  (N0M0)  that 
increased  in  size  as  well  as  N ,  M0  tumors  that  increased  in  size. 
For  BSP,  OPN,  DMP1,  and  DSPP,  significant  differences  were 
observed  in  the  expression  pattern  as  a  function  of  tumor  pro¬ 
gression  (Fig.  7;  Table  1).  Spearman  rank  order  correlation 
analysis  of  SIBLING  values  and  TNM  stage  yielded  significant 
correlation  for  all  four  SIBLINGS. 

DISCUSSION 

Microarray  technology  has  been  typically  used  to  screen 
the  simultaneous  expression  of  many  genes  using  an  array 
spotted  with  thousands  of  genes  and  measuring  hybridization  of 
target  cDNA  generated  from  a  given  tissue  or  cell  type.  In 
contrast,  the  cancer  profiling  array  used  in  the  current  study  was 
developed  to  enable  the  quantification  of  expression  of  a  single 
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Fig.  4  Paired  SIBLING  and 
MMP  expression  is  correlated  in 
specific  cancers.  The  expression 
levels  of  SIBLINGS  and  their  re¬ 
spective  binding  partner  MMPs 
were  analyzed  by  regression 
analysis.  BSP  and  MMP-2  levels 
in  breast  (A)  and  colon  cancer 
(/)).  OPN  and  MMP-3  levels  in 
stomach  (B)  and  ovarian  cancer 
( E ),  as  well  as  DMP1  and 
MMP-9  levels  in  lung  (C)  and 
rectal  cancer  ( F)  were  paired  by 
subject  and  analyzed  by  regres¬ 
sion  analysis. 


gene  across  multiple  tissue  types  and  tumor  stages.  The  cancer 
profiling  array  contained  multiple  cDNA  pairs  from  normal  and 
tumor  tissues  including  breast,  uterus,  colon,  stomach,  ovary, 
lung,  kidney,  rectum,  thyroid,  prostate,  small  intestine,  pancreas, 
and  cervix.  Complementary  DNA  was  generated  by  an  efficient 
cDNA  amplification  technique  that  is  based  on  the  switching 


mechanism  at  the  5'  end  of  mRNA  templates  (17).  This  meth¬ 
odology  has  been  shown  to  yield  a  high  representation  of 
mRNA  transcripts,  avoidance  of  biased  amplification,  linearity 
of  signal,  and  recapitulation  of  the  complexity  of  the  original 
mRNA  (12).  Because  the  expression  of  individual  housekeeping 
genes  varies  between  normal  and  tumor  tissue  (18-20),  the 


0  ductal  (n  =  31) 
0  lobular  (n  =  II) 
□  normal  (n=53) 


0  adenocarcinoma  (n  =  3 1 ) 

□  squamous  cell  <n  =  5) 

□  benign  tumor  (n  =  5) 

□  normal  (n=44l 


Fig.  5  SIBLING  expression 
distinguishes  cancer  subtypes 
for  breast  and  uterine  tumors. 
The  expression  values  of  BSP, 
OPN,  DMP1,  and  DSPP  by 
breast  cancer  tumors  were  strat¬ 
ified  by  pathological  classifica¬ 
tion  (ductal  versus  lobular),  and 
the  average  values  were  com¬ 
pared  (A).  Similarly,  the  ex¬ 
pression  of  SIBLINGS  by  uter¬ 
ine  tumors  stratified  into  groups 
defined  as  adenocarcinoma, 
squamous  cell,  or  benign  tumor 
were  averaged  and  compared 
(B).  Asterisks  denote  the  statis¬ 
tical  significance  as  determined 
by  t  test.  *,  P  <  0.05;  **,  P  < 
0.01;  ***,  P  <  0.005.  Error 
bars  represent  the  SE. 


p  <  0.05.  **  p  <  0.01 ,  ***  p  <  0.005 
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Fig.  6  Comparison  of  SIB¬ 
LING  mRNA  levels  with  tumor 
stage  in  colon,  rectal,  and  lung 
cancer.  The  expression  values 
of  BSP  (A-C),  OPN  (D—F), 
DMP1  (G-7),  and  DSPP  (J-L) 
by  colon  cancer  tumors  (A,  D, 
G,  and  J),  rectal  cancer  tumors 
( B ,  E,  H,  and  K ),  and  lung  can¬ 
cer  tumors  (C,  F,  /,  and  L)  were 
stratified  by  pathological  classi¬ 
fication  (stage),  and  the  average 
values  were  compared.  Top 
line,  bottom  line,  and  line 
through  the  middle  correspond 
to  75th  percentile,  25th  percen¬ 
tile,  and  50lh  percentile  (me¬ 
dian),  respectively.  Error  bar 
whiskers  represent  the  10th  and 
90lh  percentile,  whereas  ■  indi¬ 
cates  the  arithmetic  mean.  Rec¬ 
tal  and  colon  cancer  stages 
were  as  follows:  I,  tumor  in¬ 
vaded  submucosa;  II,  tumor 
invaded  through  muscularis 
propia;  III,  invasive  tumor  with 
metastasis  in  one  to  three  peri¬ 
colic  or  perirectal  lymph  nodes; 
and  IV,  invasive  tumor  with 
metastasis  in  pericolic  or  peri¬ 
rectal  lymph  nodes  and  distant 
metastasis.  Lung  cancer  stages 
were  as  follows:  I,  tumor  <  3 
cm  in  greatest  dimension;  IB, 
tumor  >  3  cm  in  greatest  di¬ 
mension,  involved  main  bron¬ 
chus,  associated  with  atelectasis 
or  obstructive  pneumonitis;  II, 
metastasis  to  ipsilateral  peri¬ 
bronchial  and/or  ipsolateral 
lymph  nodes;  and  III,  metasta¬ 
sis  to  ipsilateral  mediastinal, 
and/or  subcarinal  lymph  nodes. 
The  number  of  subjects  ( n )  for 
each  group  is  shown  at  the  bot¬ 
tom. 


colon  cancer 


rectal  cancer 


lune  cancer 


stage  i  n  m  iv 
(n)  (3)  (10)  (17)  (6) 


I  II  III  IV  I  IB  II  in 

(3)  (4)  (6)  (6)  (6)  (6)  (4)  (3) 


equal  loading  of  cDNA  onto  the  array  membrane  was  carried 
out  by  normalizing  to  the  average  expression  of  three  house¬ 
keeping  genes:  ubiquitin,  |3-actin,  and  Mr  23,000  highly  basic 
protein  (12,  21).  The  array  has  recently  been  used  to  profile  a 
number  of  genes  that  exhibited  either  up-  or  down-regulation  in 
cancer  including  gelsolin  and  glutathione  peroxidase  (12),  netrin 
1  (22),  thiamin  transporter  THTR2  (23),  PAGE  4  (24),  and 
XAGE-1  (25).  Strong  correlation  between  tumor  tissue  expres¬ 
sion  by  the  current  cDNA  microarray  and  by  in  situ  hybridiza¬ 
tion  (24,  25)  as  well  as  reverse  transcription-PCR  and  immuno- 
histochemical  staining  (26,  27)  has  been  observed. 

The  microarray  design  pairing  normalized  cDNA  from  an 
individual  subject’s  tumor  and  normal  tissue  enabled  differences 
in  expression  to  be  analyzed  by  paired  t  test,  which  provided  a 
greater  power  to  detect  significant  differences.  Another  method 


of  evaluating  the  significance  of  biomarker  elevation  is  to  com¬ 
pare  target  tissue  measures  to  a  cut  point  of  the  mean  of  normal 
levels  plus  twice  the  SD  (in  +  2  SD).  A  value  of  >m  +  2  SD 
translates  to  a  <5%  probability  that  the  elevation  is  due  to 
chance  (95%  of  normal  values  will  lie  within  the  m  +  2  SD 
range).  The  overall  significance  of  the  microarray  results  was 
assessed  by  comparing  concordance  between  these  two  methods 
of  analysis,  as  well  as  comparison  with  the  published  results  of 
other  studies  (Table  2).  Elevated  BSP  expression  was  identified 
in  two  tissues  (breast  and  thyroid),  in  agreement  with  previous 
studies.  The  current  results  for  BSP  did  not  replicate  previous 
reports  on  elevated  expression  in  cancer  of  the  uterus  or  lung. 
Novel  expression  was  identified  in  four  different  cancer  types 
(colon,  stomach,  rectum,  and  kidney).  Elevated  OPN  expression 
was  observed  in  the  current  study  in  four  different  cancer  types 
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Table  1  SIBLING  expression  and  tumor  staging 


Spearman  rank  order  correlation 

BSP 

OPN 

DMP1 

DSPP 

Colon  cancer* 

Spearman  coefficient  (rs) 

0.61 

0.29 

0.26 

0.20 

p 

<0.001 

>0.05 

>0.05 

>0.05 

Rectal  cancer* 

Spearman  coefficient  (rs) 

0.61 

0.72 

0.49 

0.28 

p 

<0.005 

<0.001 

<0.05 

>0.05 

Lung  cancer* 

Spearman  coefficient  (rs) 

0.70 

0.70 

-0.18 

0.77 

p 

<0.001 

<0.001 

>0.05 

<0.0005 

Breast  cancerf 

Spearman  coefficient  (rs) 

0.62 

0.38 

0.37 

0.47 

p 

<0.0005 

<0.05 

<0.05 

<0.005 

*  Spearman  rank  order  correlation  between  mean  SIBLING  values  and  tumor  stage.  The  Spearman  coefficient  value  (rs)  is  an  adjusted  value 
(corrected  for  ties).  Tumor  stages  for  colon,  rectal,  and  lung  cancer  were  defined  as  stated  in  the  Fig.  5  legend. 

t  Correlation  between  mean  SIBLING  values  and  breast  tumor  progression.  Spearman  rank  order  correlation  was  performed  on  breast  tumor 
SIBLING  expression  levels  grouped  by  TNM  stage  and  ordered  across  increasing  progression  (T|  NnM0.  T2N0M0,  T;\0,Y10,  TIN1M0,  T2N[M0, 
T3N|M0).  Breast  tumor  T  stages  were  defined  as  stated  in  the  Fig.  6  legend. 


(breast,  colon,  ovary,  and  lung)  in  agreement  with  other  pub¬ 
lished  studies.  For  cancer  of  the  stomach,  thyroid,  and  kidney, 
the  OPN  expression  levels  and  published  literature  were  not  in 
concordance.  Novel  expression  of  OPN  in  cancer  of  the  uterus 


and  rectum  was  identified.  Elevated  DMP1  expression  was 
confirmed  in  lung  cancer  and  newly  identified  in  breast  cancer. 
DMP1  levels  in  cancer  of  the  uterus  and  colon,  although  sig¬ 
nificantly  elevated  by  paired  t  test,  did  not  satisfy  the  >m  +  2 
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Fig.  7  Comparison  of  SIBLING  mRNA  lev¬ 
els  and  tumor  stage  in  breast  cancer.  The  ex¬ 
pression  values  of  BSP  (A),  OPN  ( B ),  DMP1 
(C),  and  DSPP  ( D )  by  breast  cancer  tumors 
were  stratified  by  increasing  TNM  stage,  and 
the  values  were  compared.  Top  line,  bottom 
line,  and  line  through  the  middle  correspond  to 
75th  percentile,  25th  percentile,  and  50lh  per¬ 
centile  (median),  respectively.  Error  bar  whis¬ 
kers  represent  the  10th  and  90lh  percentile, 
whereas  ■  indicates  the  arithmetic  mean. 
Breast  cancer  TNM  staging  was  as  follows:  T1? 
tumor  <  2  cm  in  greatest  dimension;  T2,  2 
cm  <  tumor  <  5  cm;  T3,  tumor  >  5  cm;  N0,  no 
regional  lymph  node  metastasis;  N1?  metastasis 
to  movable  ipsilateral  axillary  lymph  node(s); 
N2,  metastasis  to  movable  ipsilateral  axillary 
lymph  node(s)  fixed  to  one  another  or  to  other 
structure;  M0,  no  distant  metastasis;  and  M1? 
distant  metastasis.  The  number  of  subjects  ( n ) 
for  each  group  is  shown  at  the  bottom.  The 
normal  group  consisted  of  the  36  normal  breast 
tissue  samples  corresponding  to  the  36  paired 
tumor  tissues  with  well-defined  TNM  stage. 
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NL  T1N0M0  T2N0M0  T3N0M0  T1N1M0  T2N1M0  T3N1M0 

(n=36)  (n=10)  (n=6)  (n=! )  ln=4)  (n=10)  (n=5) 
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Table  2 

SIBLING  expression  in  different  cancer  types 

Breast 

Uterine 

Colon 

Stomach 

Ovarian 

Lung 

Rectal 

Thyroid 

Kidney 

cancer 

cancer 

cancer 

cancer 

cancer 

cancer 

cancer 

cancer 

cancer 

BSP 

t  test* 

Yes 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

>m  + 2 SDf 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Other  studies  (ref.  no.)f 
OPN 

4  and  28 

29 

7 

8 

t  test* 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

No 

>m  +  2  SDf 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Other  studies  (ref.  no.)$ 
DMP1 

30  and  31 

32  and  33 

34  and  35 

36  and  37 

38  and  39 

40 

2 

t  test* 

Yes 

Yes 

Yes 

No 

No 

Yes 

No 

No 

No 

>m  +  2  SDf 

Yes 

No 

No 

No 

No 

Yes 

No 

No 

No 

Other  studies  (ref.  no.)$ 
DSPP 

9 

t  test* 

Yes 

No 

No 

No 

No 

Yes 

No 

No 

No 

>m  +  2 SDf 

Other  studies  (ref.  no.)f 

No 

No 

No 

No 

No 

Yes 

No 

No 

No 

*  Significant  elevation  defined  by  a  paired  t  test  pairing  individual  subject’s  normal  and  tumor  tissue  expression  levels, 
t  Significant  elevation  defined  by  a  mean  cancer  tissue  level  of  expression  >m  +  2SD. 
t  Published  studies  finding  increased  expression  of  SIBLINGS  in  a  given  tumor  type. 


SD  criteria.  DSPP  expression  was  elevated  significantly  by  both 
criteria  in  lung  cancer,  but  only  by  paired  t  test  in  breast  cancer. 
Cancers  for  which  the  two  analysis  methods  were  not  in  accord¬ 
ance  are  obvious  targets  for  further,  more  extensive  studies. 

The  observed  increase  in  MMP-2  expression  observed  in 
tumor  samples  is  consistent  with  previous  studies  of  breast  (41, 
42),  colon  (43-47),  stomach  (48,  49),  lung  (50-53),  rectal  (43, 
54),  and  kidney  cancer  (55-57).  Whereas  a  strong  association  of 
increased  MMP-3  has  been  found  in  breast  cancer  (41,  58-61), 
the  increased  expression  levels  observed  in  other  tumor  types 
are  not  as  well  supported  by  published  literature.  Altered 
MMP-3  levels  have  been  observed  in  colon  (62-64),  stomach 
(65-67),  and  rectal  (68)  cancer,  although  in  some  cases,  the 
increases  were  relatively  small.  In  addition,  studies  have  indi¬ 
cated  that  the  MMP-3  source  was  not  necessarily  tumor  cell  but 
stromal  cell  or  another  infiltrating  cell  type,  distinct  from  the 
tumor.  The  observed  increases  in  MMP-9  expression  are  con¬ 
sistent  with  published  studies  of  breast  (41,  69),  uterine  (70,  71), 
colon  (46,  53,  72),  stomach  (73-75),  ovarian  (76,  77),  lung  (50, 
78),  rectal  (43,  79),  and  kidney  cancer  (56,  80). 

A  correlation  of  SIBLING  message  expression  levels  with 
MMP  message  levels  of  their  partners  (BSP  with  MMP-2,  OPN 
with  MMP-3,  and  DMP1  with  MMP-9)  was  observed.  That,  in 
association  with  the  recently  described  ability  of  these  SIB¬ 
LINGS  to  bind  to  and  modulate  the  activity  of  specific  MMPs, 
suggests  that  the  same  factors  that  activate  SIBLING  genes  in 
tumor  progression  may  be  the  same  ones  that  can  activate  the 
corresponding  MMP  genes.  It  is  also  possible  that  the  expres¬ 
sion  of  one  SIBLING  member  in  a  tumor  may  induce  the 
production  of  its  corresponding  MMP  partner,  or  vice  versa. 
Interestingly,  SIBLING  production  by  tumors  could  facilitate 
angiogenesis  because  both  BSP  and  OPN  have  been  shown  to 
possess  angiogenesis  activity  in  vivo  (81,  82). 

SIBLING  expression  was  different  between  different  sub- 
types  of  cancer.  Whereas  the  historical  basis  for  the  distinction 
between  the  main  two  types  of  breast  cancer  (the  belief  that 
ductal  carcinomas  arose  from  ducts  and  lobular  carcinomas 


from  lobules)  is  subject  to  debate  (both  can  arise  from  the 
terminal  duct  lobular  unit),  there  is  evidence  that  the  two  classes 
as  used  clinically  refer  to  disease  entities  that  differ  in  tumor 
size,  shape,  dissemination,  and  proliferation  rates  (83).  The  most 
common  hallmark  associated  with  the  lobular  classification  is 
multifocality.  Lobular  tumors  tend  to  be  more  slowly  prolifer¬ 
ating  than  ductal  tumors.  They  also  tend  to  frequently  exhibit 
hormone  receptor  positivity  and  show  distinct  chromosomal 
changes  (84,  85).  The  more  rapidly  progressing  ductal  tumors 
had  an  associated  higher  level  of  SIBLING  expression.  OPN 
was  recently  identified  by  microarray  analysis  as  a  discriminat¬ 
ing  marker  between  ductal  and  lobular  cancer  (86).  In  our 
current  study,  OPN,  as  well  as  BSP,  DMP1,  and  DSPP  were 
significantly  different  between  lobular  and  ductal  tumors.  Sim¬ 
ilarly,  the  association  of  higher  OPN  expression  with  adenocar¬ 
cinomas  as  opposed  to  squamous  cell  carcinomas  in  uterine 
cancer  may  be  associated  with  different  size,  shape,  and  pro¬ 
gression  rates. 

SIBLING  expression  correlated  with  tumor  stages  associ¬ 
ated  with  changing  size  and  lymph  node  involvement.  These 
observations  are  consistent  with  SIBLING  expression  coupled 
with  MMP  activity  modulation  having  an  effect  on  early  tumor 
progression.  These  results  suggest  SIBLINGS  as  potential  mark¬ 
ers  of  early  disease  progression  in  a  number  of  different  cancers. 
Future  studies  of  SIBLING  expression  and  serum  levels  will 
address  the  degree  to  which  these  tumor  biomarkers  can  be 
correlated  with  disease  progression. 
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The  SIBLING  family  of  proteins  (BSP,  DMP1,  DSPP,  MEPE  and  OPN)  can  modify  hydroxyapatite  initiation  and  growth  in  vitro. 
However,  a  variety  of  biochemical  experiments  proved  that  BSP,  DMP1  and  OPN  can  form  stable  complexes  with  MMP-2,  MMP-9 
and  MMP-3,  respectively.  Furthermore,  the  complexes  with  proMMPs  were  active  without  removal  of  the  propeptides  and  the 
propeptide-free  MMP  remained  active  in  the  presence  of  their  inhibitors,  TIMPs.  Complement  Factor  H,  with  its  higher  affinity 
for  the  SIBLINGS,  reversed  both  SIBLING-induced  activations,  suggesting  that  these  activities  may  be  limited  to  regions  secret¬ 
ing  the  proteins.  All  five  SIBLINGS  as  well  as  their  three  known  MMP  partners  are  co-expressed  in  cells  of  primate  and  rodent 
salivary  glands,  a  mature,  non-mineralizing  tissue.  These  results  suggest  that  the  integrin-binding  SIBLING  family  members  may 
be  playing  important  and  perhaps  related  roles  in  the  local  activation  of  specific  MMPs  in  both  mineralizing  and  non-mineralizing 
tissues. 
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During  the  1970s  and  1980s,  the  acidic  proteins  entrapped 
within  the  mineralized  matrices  of  bones  and  teeth  were  stud¬ 
ied  as  possible  hydroxyapatite  nucleators  and  crystal  growth 
modulators.  Their  biochemical  properties  permitted  inves¬ 
tigators  to  categorize  the  proteins  into  proteoglycans,  phos- 
phoglycoproteins,  Gla-containing  proteins,  and  other  sub¬ 
groups.  The  phosphoglycoproteins  were  so  different  in  their 
primary  protein  sequences  that  it  was  difficult  at  that  time  to 
conclude  that  they  were  derived  from  a  common  primordial 
gene.  Later,  when  the  properties  of  the  exon  structures  of 
bone  sialoprotein  (BSP),  dentin  matrix  protein-1  (DMP1), 
dentin  sialophosphoprotein  (DSPP),  osteopontin  (OPN),  and 
matrix  extracellular  phosphoglycoprotein  (MEPE)  genes 
were  compared,  we  proposed  that  all  five  proteins  were  de¬ 
rived  from  a  single  ancient  gene  [1],  Some  of  the  properties 
that  were  usually  shared  by  the  SIBLING  (Small  Integrin- 
Binding  Ligand,  N-linked  Glycoprotein)  family  members 
were:  a  noncoding  exon  1;  a  leader  sequence  plus  the  first 
two  amino  acids  in  exon  2;  casein  kinase  II  (CKII)  phos¬ 
phorylation  consensus  sequences  in  exons  3  and  5;  a  more 
proline -rich  and  often  basic  exon  4;  and  an  integrin-bind¬ 
ing  tripeptide,  RGD,  within  one  of  the  last  two  much  larger 
exons.  Interestingly,  exon  5,  a  short  CKII  domain,  is  often 
missing  in  natural  splice  variants  of  DMP1,  OPN  and  MEPE. 
At  the  last  meeting  of  the  ICCBMT,  the  best  data  suggested 
that  all  five  SIBLING  genes  were  clustered  within  a  750,000 
basepair  region  of  human  chromosome  4  [2] .  A  more  refined 
analysis  now  shows  them  aligned  with  the  same  transcrip¬ 
tional  orientation  within  a  372,000  bp  region.  Results  for  the 
mouse  (chromosome  5)  are  similar. 

Genetic  analysis  is  interesting,  but  true  families  of  pro¬ 
teins  should  also  have  related  structures,  binding  partners, 
and  functions.  To  date  only  two  SIBLINGS  (BSP  and  OPN) 


have  had  their  structures  solved  and  they  were  both  found  to 
be  flexible  (in  solution)  along  their  entire  length  within  nor¬ 
mal  NMR  timescales  [1],  Flexibility  is  a  common  feature  of 
proteins/domains  that  have  many  binding  partners.  All  SIB¬ 
LINGS  are  thought  to  bind  to  integrins  via  their  RGD  domain 
although  rat  DSPP  (which  lacks  the  RGD  tripeptide)  may  use 
a  unique,  REDV  fibronectin-like  attachment  domain.  DMP1 
and  OPN  have  been  shown  to  bind  CD44  while  BSP  does  not 
[3,4].  Complement  Factor  H  binds  with  very  high  affinity 
to  BSP,  DMP1  and  OPN  in  solution  and  can  even  mask  the 
detection  of  SIBLINGS  in  serum  [5],  BSP,  DMP1  and  OPN 
can  bridge  Factor  H  to  cell  surface  integrins  (all  three)  or 
CD44  (DMP1  and  OPN)  and  protect  the  cell  from  the  lytic 
pathway  of  complement  [4,6].  Protection  from  complement 
may  be  important  for  the  survival  of  a  metastasizing  cancer 
cell.  DSPP  and  MEPE  have  not  been  purified  in  sufficient 
quantity  to  perform  similar  studies. 

The  newly-discovered  ability  of  at  least  three  members  of 
the  SIBLING  family  to  bind  and  activate  specific  members 
of  the  MMP  family  of  proteases  was  due  to  a  fortuitous  series 
of  events.  First,  in  1996  Cheresh’s  group  localized  MMP- 
2  on  the  surface  of  invasive  cells  by  direct  interaction  with 
av(33  integrin  [7],  Later  we  were  making  recombinant  BSP, 
DMP1  and  OPN  in  eukaryotic  cells  and  gently  purifying  the 
proteins  for  structural  analysis.  We  hypothesized  that,  since 
both  the  SIBLINGS  family  and  MMP-2  bound  to  av|33  integ¬ 
rin,  it  would  be  interesting  to  see  if  the  SIBLINGS  could  dis¬ 
place  the  MMP-2  from  the  cell  surface  complex.  Of  course, 
in  order  to  do  this  experiment,  we  had  to  be  sure  that  none  of 
the  three  purified  SIBLINGS  themselves  were  contaminated 
with  MMP-2.  To  our  surprise,  small  amounts  of  MMP-2  had 
co-purified  with  BSP  while  MMP-3  co-purified  with  OPN 
and  MMP-9  co-purified  with  DMP1  under  the  non-denatur- 
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ing  conditions.  From  there  it  was  standard  biochemistry  us¬ 
ing  commercial  sources  of  purified  MMPs  to  show  that  puri¬ 
fied  SIBLINGS  bound  in  a  1 : 1  stoichiometry  with  nM  affinity 
to  their  partner  MMPs  but  not  to  the  other  two  MMPs.  Upon 
binding  of  their  partner  MMPs,  both  the  latent  (proMMP) 
and  active  (MMP)  forms  underwent  conformational  changes 
that  were  easily  detected  using  natural  fluorescence  of  the 
MMP’s  tryptophan  residues  [8].  Furthermore,  it  was  shown 
that  when  the  SIBLING  bound  to  its  partner  proMMP,  the 
protease  became  active,  apparently  without  removing  the  in¬ 
hibitory  propeptide  (Figure  1  A).  This  was  a  surprise  because 
it  is  generally  thought  that  the  propeptide  must  be  removed 
before  the  MMPs  can  be  enzymatically  active.  It  is  reason¬ 
able  to  hypothesize  that  the  conformational  change  induced 
in  the  MMPs  by  the  bound  SIBLING  caused  the  propeptides 
to  have  lower  affinities  for  their  own  binding  domains,  move 
out  of  the  active  sites,  and  allow  substrates  to  be  digested. 
Active  MMPs  that  had  been  previously  inhibited  by  addition 
of  their  corresponding  purified  tissue  inhibitors  of  metallo- 
proteinases  (TIMPs)  became  re-activated  upon  binding  of 
the  appropriate  SIBLING  (Figure  1C).  The  TIMPs  appear 
to  have  had  their  inhibitory  binding  sites  within  the  MMPs 
altered  by  the  SIBLING-induced  conformational  changes 
losing  their  ability  to  bind  strongly  and  inhibit  the  MMPs 
[8].  To  date,  DSPP  and  MEPE  have  not  been  shown  to  have 
MMP  partners  with  similar  action. 
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Figure  1.  Latent  MMPs  with  propeptide  in  active  (star)  site  (A,  top)  upon 
binding  partner  SIBLING  undergoes  a  conformational  change  exposing  the 
active  site  to  substrates  (A,  bottom).  Factor  H  binds  to  the  SIBLINGS  (B, 
top),  removing  them  and  permitting  the  propeptide  to  reinsert  into  the  ac¬ 
tive  site  (B,  bottom).  Propeptide-free  MMPs  inhibited  by  TIMPs  (green  T) 
(C,  top)  bind  SIBLINGS,  thereby  inducing  a  conformational  change.  The 
TIMPs  are  released  (C,  bottom)  activating  the  MMPs.  Factor  H  removes 
the  SIBLING  from  the  complex  allowing  the  TIMPs  to  bind  and  inhibit  the 
MMPs  (D). 


Mechanisms  for  activating  latent  MMPs  and/or  interfer¬ 
ing  with  the  action  of  the  TIMPs  would  not  likely  evolve 
unless  there  was  also  a  mechanism  for  reversing  these  acti¬ 
vation  pathways.  Fortunately,  we  knew  from  previous  results 
mentioned  above  that  complement  Factor  H  has  an  approx¬ 
imately  100-fold  higher  affinity  for  BSP,  DMP1  and  OPN 
than  the  SIBLINGS  have  for  their  respective  MMP  partners. 
Factor  H,  which  is  present  in  the  blood  at  about  1  mg/ml, 
apparently  binds  to  the  SIBLINGS  on  the  latent  (Figure  IB) 
and  active  (Figure  ID)  MMPs  and  removes  them  from  the 
protease  complex  [8].  The  propeptides  and  TIMPs  can  then 
re -inhibit  the  protease  activity.  Therefore  SIBLING-activa- 
tion  of  MMPs  will  likely  be  local  events,  occurring  within  a 
short  distance  of  their  secretion. 

At  this  point,  all  of  the  results  discussed  have  been  found 
using  highly  purified  proteins  in  biochemical  experiments. 
We  next  set  out  to  determine  if  the  SIBLING-MMP  com¬ 
plexes  could  be  shown  to  be  important  in  experiments  with 
living  cells.  Because  many  different  types  of  cancers  have 
been  shown  in  paraffin  sections  to  express  high  levels  of 
various  SIBLINGS,  we  used  a  number  of  cancer  cell  lines 
in  a  modified  Boyden  chamber  assay  to  determine  if  any  of 
the  proteins  could  enhance  invasion  potential.  BSP,  but  not 
DMP1  or  OPN,  could  enhance  the  invasion  potential  of  many 
cell  lines  derived  from  breast,  prostate,  lung,  and  thyroid 
cancers  through  a  model  basement  membrane  system,  Matri- 
gel  [9,10],  The  specificity  of  BSP  suggested  that  MMP-2 
may  have  been  involved  and,  indeed,  inhibitors  of  MMP-2 
stopped  the  BSP-enhanced  invasion.  Because  mutating  the 
integrin-binding  tripeptide,  RGD,  to  the  chemically  similar 
but  inactive  KAE  also  stopped  the  enhanced  invasion,  we 
hypothesized  that  integrins  were  involved.  Blocking  the 
activity  of  o.v(33  integrin  with  an  antibody  stopped  the  BSP- 
enhanced  invasion.  Together  these  observations  suggested 
that  BSP  bridges  MMP-2  to  av(33  integrin.  In  fact,  beads 
with  bound  av(33  integrin  were  able  to  pull  down  much  more 
MMP-2  if  pre-treated  with  BSP  compared  to  untreated  beads 
or  ones  treated  with  BSP-KAE  [9]. 

To  be  a  biologically  useful  model  of  MMP  activation, 
however,  each  SIBLING  must  also  be  shown  to  be  co-ex- 
pressed  with  its  partner  MMP  by  a  cell  in  vivo.  All  SIB¬ 
LINGS  and  the  three  MMPs  are  expressed  in  normal  growing 
bones  and/or  teeth,  but  we  were  also  interested  in  their  co¬ 
expression  in  normal  epithelial  tissues,  the  cells  that  upon 
transformation  become  the  tumors  studied  above.  OPN  had 
been  known  for  many  years  to  be  expressed  in  normal  sali¬ 
vary  gland  [11]  and  we  first  chose  to  look  carefully  at  this 
tissue.  Similar  to  the  photomicrographs  presented  in  a  recent 
publication  [12],  Figure  2  shows  that  all  five  SIBLINGS  as 
well  as  MMP-2,  -3  and  -9  are  expressed  in  normal  human 
salivary  gland  ducts.  In  primates,  all  eight  proteins  are  lim¬ 
ited  to  the  intercalated  duct,  striated  duct,  and  to  some  degree 
the  collecting  ducts.  Mature  mouse  salivary  gland  differed 
in  two  ways.  First,  all  three  of  the  MMPs  and  four  of  the 
five  SIBLINGS  are  also  expressed  in  the  acini  of  mice.  DSPP 
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expression  remains  limited  to  the  rodent  ducts.  Second,  ma¬ 
ture  male  mouse  ducts  under  the  strict  control  of  androgens 
become  almost  exclusively  granulated  convoluted  tubules 
(GCT)  and  express  none  of  the  eight  proteins.  Salivary  glands 
therefore  show  that  a  SIBLING  and  its  MMP  partner  are  al¬ 
ways  co-expressed  and  can  be  reasonably  expected  to  form 
active  complexes  in  the  pericellular  and  extracellular  spaces 
near  these  epithelial  cells.  These  epithelial  cells  persist  for 
many  months  or  years  and  do  not  appear  to  be  assisted  by  any 
other  cell  type  in  the  maintenance  of  local  matrix  proteins. 
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Figure  2.  Immunolocalization  (red/brown)  of  SIBLINGS  and  MMPs  in  the 
ducts  of  human  salivary  glands  (A-G).  Mouse  salivary  glands  have  staining 
also  in  the  acini  (OPN,  H  and  BSP,  I  are  shown).  In  situ  hybridization  of 
BSP  (blue/purple)  in  mouse  gland  shows  mRNA  in  acini  but  not  granulated 
convoluted  tubules  (GCT)  (J).  DSPP  immunostaining  (red/brown)  is  only  in 
non-GCT  ducts  (K),  not  in  acini.  Bar  =  50  micrometers. 
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It  is  our  hypothesis  that  the  SIBLING/MMP  partners  are 
involved  in  the  turnover  of  the  pericellular  and/or  extracel¬ 
lular  proteins  of  these  metabolically  active  cells. 

In  summary,  three  SIBLINGS  have  been  shown  to  bind 
and  activate  three  different  MMPs  in  vitro  and  the  proteins 
are  co-expressed  in  vivo,  suggesting  that  these  activities  are 
likely  to  be  biologically  important. 
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To  the  Editor: 

Hereditary  and  acquired  forms  of  hypophosphatemia  result  in  metabolic  bone  disease  with 
significant  degrees  of  disability  in  children,  adolescents  and  adults.  Linear  sebaceous  nevus 
syndrome  (LSNS)  is  a  rare  sporadic  congenital  phakomatosis  of  unknown  etiology  with  a 
variable  phenotype  that  includes  hypophosphatemia  [Carey  et  ah,  1986]. 

We  have  previously  reported  on  a  patient  with  LSNS  and  hypophosphatemia  where  the  plasma 
phosphatonin,  fibroblast  growth  factor-23  (FGL-23),  was  inversely  related  to  the  serum 
phosphorous  prior  to  and  after  treatment  with  octreotide  and  excision  surgery  [Hoffman  et  ah, 
2005].  We  now  extend  that  observation  by  reporting  on  the  positive  correlation  between  serum 
phosphorus  and  matrix  extracellular  phosphoglycoprotein  (MEPE),  a  downstream  member  of 
phosphate  homeostasis  and  mineralization. 

Briefly,  the  patient,  a  7-year-old  boy  of  Korean  ancestry  with  LNSS  (which  followed 
Blaschko’s  lines  and  involved  the  left  side  of  his  face,  trunk,  upper  and  lower  extremities  and 
epidermal  nevi  of  the  limbus)  began  treatment  for  hypophosphatemic  rickets  with  phosphate 
and  calcitriol  for  vitamin  D-resistant  rickets.  Octreotide  (Sandostatin  LAR)  was  added  to  the 
phosphate  and  calcitriol  therapy  when  he  was  16  years  of  age,  due  to  increasing  musculoskeletal 
symptoms  and  frequent  stress  fractures  and  persistent  hypophosphatemia  [Hoffman  et  ah, 
2005].  Further  details  of  the  treatment  protocol  are  given  in  the  legend  for  Figure  1.  The 
competitive  enzyme-linked  immunosorbent  (ELISA)  assays  for  MEPE  were  performed  as 
previously  described  [Jain  et  ah,  2004],  The  antibody  employed  in  the  competitive  ELISA 
(LF-155,  a  kind  gift  of  Dr.  L.W.  Fisher,  N.I.D.C.R.,  N.I.H.)  was  raised  against  exon  4,  the  last 
coding  exon  of  human  MEPE,  and  was  affinity-purified  using  recombinantly  expressed  protein. 
The  assay  entails  an  anion  exchange  column  chromatography  step  to  clean  up  the  sample  and 
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detects  intact,  full  length  MEPE.  The  bioactive  acidic  serine-aspartate-rich  MEPE  (ASARM) 
peptide  was  assayed  by  a  competitive  ELISA  specific  for  ASARM-peptide  epitopes  [Bresler 
et  al.,  2004]  in  the  laboratory  of  Dr.  P  Rowe.  Associations  between  MEPE  and  phosphorus 
were  analyzed  by  Pearson  regression  analysis. 

FGF-23  decreased  within  1  month  following  the  first  injection  of  depot  octreotide,  was 
suppressed  during  the  4  months  of  injections,  and  remained  in  the  normal  range  over  the 
following  6  months.  After  a  further  decrease  following  surgery,  FGF-23  increased  2  months 
post  surgery  and  remained  stable  for  the  next  2.5  years  during  phosphate  and  calcitriol  therapy 
and  in  the  absence  of  octreotide  (Fig  1).  This  somewhat  elevated  level  of  FGF-23  was  most 
likely  due  to  incomplete  excision  of  the  tumor  [Zimering  et  al.,  2005],  It  is  of  interest  that 
tubular  reabsorption  of  phosphate  became  normal  4  months  after  octreotide;  serum  phosphorus 
did  not  increase  during  octreotide,  but  began  increasing  immediately  after  octreotide,  remained 
slightly  below  normal  until  after  surgery,  and  remained  normal  throughout  the  remainder  of 
follow  up  [Hoffman  et  al.,  2005].  Thus  phosphaturia  continued  after  FGF-23  had  returned  to 
normal.  The  initial  level  of  MEPE  prior  to  octreotide  was  464  ng/ml  when  serum  phosphorus 
was  1 .9  mg/dl.  This  MEPE  value  was  significantly  below  aged-matched  normal  subjects  whose 
mean  values  were  880  +  160  ng/ml  [Jain  et  al.,  2004].  MEPE  increased  throughout  the  depot 
octreotide  therapy,  continued  to  increase  and  reached  a  maximal  value  of  760  ng/ml  2  months 
after  incomplete  excisional  surgery  for  cosmetic  reasons.  MEPE  was  decreased  6  months  after 
surgery  and  continued  to  gradually  decline,  reaching  a  pre  octreotide  level  2.5  years  after 
surgery  (Fig  1).  MEPE  and  phosphorus  had  a  significant  positive  correlation  prior  to  and 
throughout  treatment  (Fig  2).  During  octreotide  treatment  intact  MEPE  was  increasing, 
indicating  that  unlike  FGF-23,  MEPE  was  not  suppressed  by  octreotide,  suggesting  a 
differential  effect  of  octreotide  on  the  phosphatonins  and  that  MEPE  had  a  phosphaturic  effect. 
The  latter  seems  unlikely  since  the  MEPE  values  did  not  exceed  the  reported  normal  range 
[Jain  et  al.,  2004]. 

However,  it  is  of  interest  that  serum  ASARM,  the  biological  active  fragment  of  MEPE, 
exceeded  the  normal  range  of  3,250  ng/ml  and  paralleled  the  increase  of  MEPE,  which  could 
explain  the  phosphaturia  [Bresler  et  al.,  2004].  An  alternative  possibility  is  the  presence  of  an 
additional  phosphaturic  peptide  [White  et  al.,  2006].  This  possibility  has  recently  been 
suggested  by  Elston  et  al.,  [2007]  to  explain  persistent  hypophosphatemia  in  a  patient  with 
oncogenic  osteomalacia  after  a  five-  day  course  of  octreotide  had  suppressed  FGF-23.  It  is 
important  to  note  that  in  the  report  of  Elston  et  al.,  although  the  intact  FGF-23  was  suppressed, 
the  C-fragment  of  FGF-23  increased  for  16  days  following  surgery  and  then  decreased  over 
the  following  5  months.  Following  octreotide  treatment,  our  patient  had  significant 
improvement  in  the  musculoskeletal  symptoms,  and  no  further  stress  fractures  occurred.  By 
the  age  of  20,  the  patient’s  T-Score  of  bone  density  had  improved  by  -1.2  in  the  lumbar  spine 
(from  -3.2  to  -2.1);  by  -1.0  in  the  femoral  neck  (from  -4.4  to  -3.4);  and  by  -0.8  in  the  total 
hip  (from  -3.8  to  -3.0).  However,  the  values  remained  in  the  osteopenic  (-1.0  to  -2.5)  and 
osteoportic  (below  -2.5)  ranges. 

The  term  “phosphatonin”  was  introduced  in  1994  for  the  protein  which  has  since  come  to  be 
known  as  FGF-23  [Econs  and  Drezner,  1991].  MEPE,  also  known  as  osteoclast/osteocyte 
factor  45,  is  a  glycoprotein  which  has  more  recently  been  identified  as  a  putative  phosphatonin 
[Rowe  et  al.,  2000]  based  on  its  ability  to  inhibit  phosphate-uptake  and  mineralization  in 
vivo  and  in  vitro  [Rowe  et  al.,  2004].  These  phosphate-regulating  hormones  have  rapidly  gained 
recognition  for  their  importance  in  influencing  phosphate  homeostasis  and  mineralization 
through  a  bone-kidney  axis.  MEPE  and  FGF-23  mediate  the  molecular  mechanisms  of  the 
bone-kidney  axis  of  phosphate  metabolism  by  controlling  the  genes  encoded  for  sodium 
phosphate  cotransporters  such  as  Npt2a  [Rowe  et  al.,  2004;  Marsell  et  al.,  2008],  and  by 
regulating  vitamin  D-l alpha-hydroxylase  activity  [Sommer  et  al.,  2007;  Barthel  et  al.,  2007]. 


Am  J  Med  Genet  A.  Author  manuscript. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Hoffman  et  al. 


Page  3 


As  with  many  peptide-hormones  the  biological  functions  of  MEPE  are  linked  to  specific 
peptide  fragments  that  differentially  influence  processing  and  handling  of  phosphate  by  the 
kidney  [Martin  et  al.,  2007].  Cleavage  of  MEPE  releases  acidic  serine-aspartate-rich  motif 
(ASARM  peptide),  the  carboxy-terminal  peptide  that  is  responsible  for  MEPE  activity  in 
vivo  [Rowe  et  al.,  2005].  The  positive  correlation  that  we  observed  between  MEPE  and  serum 
phosphorus  prior  to  and  following  octreotide  therapy  is  consistent  with  a  cross-sectional  study 
of  normal  subjects  [Jain  et  al.,  2004].  Also  the  hyperphosphatemia  in  a  MEPE-TRG  model 
correlates  with  up-regulation  of  Npt2a  [Rowe  et  al.,  2004]  and  contrasts  with  infusions  of 
recombinant  intact  MEPE  which  result  in  increased  fractional  excretion  of  phosphate  and 
hypophosphatemia  in  mice  and  rats  [Dobbie  et  al.,  2007]. 

We  have  no  direct  data  to  support  that  the  positive  correlation  between  MEPE  and  serum 
phosphorus  is  due  to  octreotide  influencing  the  processing  of  MEPE.  However  MEPE, 
ASARM  and  serum  phosphorus  all  increased  with  the  initiation  of  octreotide  treatment  and 
decreased  following  excision  of  the  LSN  tumor.  We  posit  the  following  sequence  occurred  in 
this  case:  first,  octreotide  resulted  in  a  significant  reduction  in  FGF-23  and  a  gradual  increase 
in  serum  phosphorus;  second,  the  dramatic  decrease  of  FGF-23  resulted  in  an 
overcompensation  of  MEPE  expression  due  to  chronic  and  excessive  suppression  by  FGF-23; 
(An  additional  explanation  for  the  increase  in  MEPE  could  be  that  octreotide  influences  the 
processing  of  MEPE  and  possibly  increases  its  expression.  );  and  third,  partial  excision  of  the 
nevus  resulted  in  a  decrease  and  stabilization  of  MEPE,  and  after  a  brief  decrease,  FGF-23 
stabilized  followed  by  gradual  stabilization  of  serum  phosphorus,  and  urine  phosphate 
excretion.  Whether  this  stabilization  is  a  long-term  result  of  octreotide  treatment  [Eriksson  and 
Oberg,  1999;  Garcia  de  la  Torre  et  al.,  2002;  Latuada  et  al.,  2002]  and/or  the  result  of  the  natural 
course  of  the  disease  is  uncertain.  While  the  number  of  points  studied  for  ASARM  is  limited, 
the  correlation  between  MEPE  and  ASARM  prior  to  and  following  surgery  supports  that 
octreotide  directly  or  indirectly  influenced  the  processing  of  MEPE.  The  two  values  at  six 
months  (12  months  after  octreotide  therapy)  and  24  months  post  partial  excisional  surgery 
suggest  that  MEPE  and  ASARM  had  different  processing  after  an  increased  period  off 
octreotide  therapy. 

It  has  been  posited  that  phakomatoses  are  caused  by  dysregulation  of  cellular  paracrine  growth 
factors  and  the  extracellular  matrix  [Kousseff,  1992].  The  phosphatonins  are  an  example  of 
such  growth  factors.  FGF-23,  and  to  a  somewhat  lesser  extent,  MEPE,  have  been  extensively 
studied  in  conditions  of  abnormal  phosphate  metabolism  including  the  phakomatoses  McCune- 
Albright  syndrome  [Yamamoto  et  al.,  2005]  and  phakomatosis  pigmentokeratotica  [Saraswat 
et  al.,  2003;  Bouthors  et  al.,  2006].  The  latter  condition,  along  with  LSNS  [Hoffman  et  al., 
2005;  Heike  et  al.,  2005],  belongs  to  the  group  of  epidermal  nevus  syndromes  (ENS)  which 
have  a  high  prevalence  of  hypophosphatemic  rickets  [Vidaurri-de  la  Cruz  et  al.,  2004];  and 
therefore,  the  phosphatonins  likely  have  increased  relevance  in  the  abnormal  phosphate 
metabolism.  Whether  the  phosphatonin  phenotypes  are  the  same  in  the  various  forms  of  ENS 
remains  to  be  determined. 

This  follow-up  report  is  the  first  longitudinal  measurement  of  both  MEPE  and  FGF-23  and 
their  response  to  medical  and  surgical  treatment  in  tumor-induced  hypophosphatemia,  and 
illustrates  the  advances  in  the  understanding  of  phosphate  metabolism  beyond  that  of 
parathyroid  hormone  and  1,25 -dihydroxy vitamin  D  [Rowe,  2004].  The  follow-up  also 
indicates  the  need  for  continued  close  monitoring  of  urine  phosphate  excretion  and  serum 
phosphorus  in  patients  who  have  FGF-23  (phosphatonin)  tumor-induced  hypophosphatemia, 
such  as  LSNS,  to  determine  the  short-and  long-term  benefit  of  octreotide  when  complete 
excision  is  not  possible.  Additional  considerations  are  including  FGF-23  and  MEPE  as  part  of 
the  initial  evaluation  of  hypophosphatemia  and/or  rare  forms  of  chondrodysplasias  [Zeger  et 
al.,  2007],  as  well  as  to  direct  and  monitor  treatment  plans  [Garabedian,  2007]. 
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Figure  1. 

Treatment  effects  on  MEPE,  FGF-23  and  phosphorus.  At  16  years  of  age,  with  a  history  of 
hypophosphatemia,  musculoskeletal  symptoms,  recurrent  insufficiency  fractures  and  an 
elevated  plasma  level  of  FGF-23,  octreotide  therapy  (Oct  TX)  was  begun  along  with  ongoing 
phosphate  and  calcitriol  therapy.  Initially  octreotide  acetate  50  meg  was  administered 
subcutaneously  daily  for  3  days,  followed  by  Sandostatin  LAR  depot  10  mg  intramuscularly 
every  2  weeks  for  4  months.  Six  months  after  completing  the  Sandostatin  LAR,  excision 
surgery  was  performed  for  cosmetic  reasons.  The  levels  of  FGF-23  (open  circle),  serum 
phosphorus  (open  triangle),  calculated  TmP/GFR  (solid  triangle)  (panel  a)  and  total  plasma 
MEPE  (solid  square)  and  ASARM  peptide  (open  square)  (panel  b)  were  followed  for  up  to  2.5 
years  after  surgery. 
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Figure  2. 

MEPE,  but  not  FGF-23,  correlates  with  serum  phosphorus.  Determined  values  for  serum 
phosphorus  (P)  and  total  MEPE  across  the  3  year  follow-up  were  analyzed  by  regression 
analysis. 
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Bone  sialoprotein  binding  to  matrix  metalloproteinase-2  alters 
enzyme  inhibition  kinetics* * 

Alka  Jain*,  Larry  W.  Fisher§,  and  Neal  S.  Fedarko*’ 

±  Johns  Hopkins  University  School  of  Medicine 

§  National  Institute  for  Dental  and  Craniofacial  Research,  National  Institutes  of  Health 

Abstract 

Bone  sialoprotein  (BSP)  is  a  secreted  glycophosphoprotein  normally  restricted  in  expression  to 
skeletal  tissue  that  is  also  induced  by  multiple  neoplasms  in  vivo.  Previous  work  has  shown  that  BSP 
can  bind  to  matrix  metalloproteinase-2  (MMP-2).  Because  of  MMP-2  activity  in  promoting  tumor 
progression,  potential  therapeutic  inhibitors  were  developed,  but  clinical  trials  have  been 
disappointing.  The  effect  of  BSP  on  MMP-2  modulation  by  inhibitors  was  determined  with  purified 
components  and  in  cell  culture.  Enzyme  inhibition  kinetics  were  studied  using  a  low-molecular 
weight  freely  diffusable  substrate  and  purified  MMP-2,  BSP,  and  natural  (tissue  inhibitor  of  matrix 
metalloproteinase-2)  and  synthetic  (ilomastat  and  ole  oy  I  -  A'-  h  y  d  ro  x  y  I  a  m  i  d  e )  inhibitors.  We 
determined  parameters  of  enzyme  kinetics  by  varying  substrate  concentrations  at  different  fixed 
inhibitor  concentrations  added  to  MMP-2  alone,  MMP-2  and  BSP,  or  preformed  MMP-2-BSP 
complexes  and  solving  a  general  linear  mixed  inhibition  rate  equation  with  a  global  curve  fitting 
program.  Two  in  vitro  angiogenesis  model  systems  employing  human  umbilical  vein  endothelial 
cells  (HUVECs)  were  used  to  follow  BSP  modulation  of  MMP-2  inhibition  and  tubule  formation. 
The  presence  of  BSP  increased  the  competitive  K\  values  between  15-  and  47-fold  for  natural  and 
synthetic  inhibitors.  The  extent  of  tubule  formation  by  HUVECs  cocultured  with  dermal  fibroblasts 
was  reduced  in  the  presence  of  inhibitors,  while  the  addition  of  BSP  restored  vessel  formation.  A 
second  HUVEC  culture  system  demonstrated  that  tubule  formation  by  cells  expressing  BSP  could 
be  inhibited  by  an  activity  blocking  antibody  against  MMP-2.  BSP  modulation  of  MMP-2  activity 
and  inhibition  may  define  its  biological  role  in  promoting  tumor  progression. 


Keywords 
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The  small  integrin  binding  ligand  N-linked  glycoprotein  (SIBLING)  *  gene  family  is  clustered 
on  human  chromosome  4,  and  its  members  include  bone  sialoprotein  (BSP),  osteopontin, 
dentin  matrix  protein  1,  matrix  extracellular  phosphoglycoprotein,  and  dentin 
sialophosphoprotein  (1).  BSP  was  once  thought  to  be  restricted  in  expression  to  mineralizing 
tissues  such  as  bones  and  teeth  (2)  but  has  been  shown  to  be  induced  in  certain  neoplasms 


*This  research  was  supported  in  part  by  Department  of  Defense  grants  DAMD  17-02-0684  (N.S.F.)  and  W81XWH-04-1-0844  (N.S.F.); 
NIH  grant  CA1 13865  (N.S.F.;  and  by  the  Intramural  Research  Program  of  the  NIH,  NIDCR  (L.W.F.). 

*Department  of  Medicine,  Room  5A-64  JHAAC,  5501  Hopkins  Bayview  Circle,  Johns  Hopkins  University.  Baltimore,  MD  21224. 
Phone:  410  550-2632;  Fax:  410  550-1007,  ndarko@jhmi.edu. 

'  'the  abbreviations  used  are:  SIBLING,  Small,  Integrin-Binding  Ligand.  N-linked  Glycoprotein;  BSP,  bone  sialoprotein;  MMP,  matrix 
metalloproteinase;  proMMP,  pro-matrix  metalloproteinase;  HUVEC,  human  umbilical  vein  endothelial  cell;  CCK-8,  (2-(2-methoxy-4- 
nitrophenyl)-5-(2,4-disulfophenyl-2/7-tetrazolium  monosodium  salt);  TIMP.  tissue  inhibitor  of  metalloproteinase;  HRP,  horseradish 
peroxidase;  OA-Hy,  oleoyl-N-hydroxylamide. 
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(3-11).  SIBLINGS  can  be  localized  to  the  cell  surface  through  binding  of  aV[33  (as  well  as 
other  integrins),  and  at  least  OPN  and  DMP1  can  be  bound  by  variants  of  CD44  (12-14),  exhibit 
correlation  between  expression  levels  and  tumor  stage  (15),  and  bind  to  and  confer  activity  on 
specific  latent  matrix  metalloproteinases  (proMMPs)  (16).  Indeed,  BSP  has  been  shown  to 
enhance  the  invasion  potential  of  a  number  of  human  cancer  cell  lines  in  vitro  by  bridging 
MMP-2  to  the  cell  surface  of  the  cells  through  the  aV[33  integrin  (14). 

MMPs  make  up  a  family  of  structurally  and  functionally  related  endoproteinases  that  are 
involved  in  development  and  tissue  repair  as  well  as  cancer  angiogenesis  and  metastasis.  We 
have  recently  shown  that  active  MMPs  inhibited  by  tissue  inhibitors  of  metalloproteinases 
(TIMPs)  can  be  reactivated  by  equimolar  amounts  of  the  appropriate  SIBLING  partner  (16). 
The  study  presented  here  was  undertaken  to  determine  whether  the  mechanism  of  BSP  action 
on  MMP-2  activity  involves  the  alteration  of  MMP  affinity  for  TIMP2  and/or  low-molecular 
weight  inhibitors.  The  biological  consequences  of  these  interactions  were  tested  using  two  in 
vitro  model  systems  of  angiogenesis. 

MATERIALS  AND  METHODS 

Reagents 

ProMMP-2  and  active  human  MMP-2  were  obtained  from  Oncogene  Research  Products 
(Boston,  MA)  and  Research  Diagnostic  Systems,  Inc.  (Minneapolis,  MN).  The  inhibitors 
ilomastat  {/V-[(2R)-2-(hydroxamidocarbonylmethyl)-  4-methylpentanoyl]-L-tryptophan 
methylamide}  and  oleoy  I- N-  h  yd  ro  x  v  I  a  m  i  de ,  substrate  Ac-PLG-(2-mercapto-4- 
methylpentanoyl)-LG-OC2H5,  and  5,5’-dithiobis(2-nitrobenzoic  acid)  (DTNB)  were  obtained 
from  Calbiochem  (La  Jolla,  CA).  Fluorescein-conjugated  gelatin  (fluorescein-gelatin)  was 
obtained  from  Molecular  Probes,  Inc.  (Eugene,  OR).  A  cell  counting  kit  containing  the  water- 
soluble  tetrazolium  salt  CCK-8  [2-(2-methoxy-4-nitrophenyl)-5-(2,4-disulfophenyl-  2 H- 
tetrazolium  monosodium  salt)]  was  purchased  from  Dojindo  Molecular  Technologies 
(Gaithersberg,  MD).  Human  serum  adsorbed  goat  anti-rabbit  IgG  conjugated  to  horseradish 
peroxidase  (HRP)  was  obtained  from  Kirkegaard  &  Perry  (Gaithersburg,  MD).  Recombinant 
human  BSP  and  BSPKAE  (where  the  RGD  sequence  has  been  changed  to  KAE)  that  included 
post-translational  modifications  were  made  using  an  adenovirus  constructs  and  eukaryotic  cells 
and  purified  (>95%  purity  as  defined  by  acrylamide  gel  electrophoresis)  as  previously 
described  (12).  An  activity  blocking  antibody  against  MMP-2  was  obtained  from  Chemicon 
International  (Temecula,  CA). 

Low-Molecular  Weight  Substrates 

The  activities  of  wildtype  MMP-2  in  the  presence  and  absence  of  inhibitors  (TIMP2,  ilomastat, 
or  oleoyl-A-hydroxylamide)  and  BSP  were  measured  using  a  low-molecular  weight 
thiopeptide  substrate  [Ac-PLG-(2-mercapto-4-methylpentanoyl)-  LG-OC2H5].  Substrate  was 
incubated  in  assay  buffer  [50  mM  HEPES,  10  mM  CaCl2,  0.05%  Brij  35,  and  1  mM  DTNB 
(pH  7.5)]  with  10  nM  MMP-2  and  different  concentrations  of  inhibitor,  a  10  nM  MMP-2-BSP 
preformed  complex  or  an  MMP-2-inhibitor-BSP  complex  added  simultaneously.  Data  from 
the  first  6  min  were  used  to  calculate  velocity  (picomoles  per  second)  values.  Substrate  cleavage 
was  monitored  using  a  Perkin-Elmer  Victor  2  multilabel  plate  reader,  and  absorbance  was 
measured  at  412  nM.  Preformed  MMP-2-BSP  complexes  were  formed  by  incubation  at  37  0 
C  for  30  min  prior  to  addition  to  the  reaction  mixture.  Global  curve  fitting  of  the  family  of 
substrate-velocity  curves  was  performed  using  Prism  4  (GraphPad  Software,  Inc.)  with  Vmax, 
Km,  K[c,  and  K^u  set  as  shared  parameters. 
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Coculture  Angiogenesis  Assay 

Human  umbilical  vein  endothelial  cell  (HUVEC)  and  human  dermal  fibroblast  cocultures  were 
grown  in  EGM-2  growth  medium  obtained  from  TCS  Cell  Works  (Botolph  Claydon,  U.K.). 
The  functional  readout  from  this  in  vitro  assay  was  tubule  formation.  Tubule  formation  was 
defined  by  the  total  number  of  tubules  and  number  of  branches.  Test  conditions  were  run  in 
triplicate  wells  with  eight  conditions  per  24-well  plate.  The  cells  were  treated  starting  on  day 
6  of  culture  with  multiple  conditions,  including  5  nM  bFGF,  5  nM  BSP,  5  nM  BSPKAE,  5  nM 
TIMP2,  5  nM  BSP  and  5  nM  TIMP2,  5  nM  ilomastat,  5  nM  ilomastat  and  5  nM  BSP,  33.6  nM 
o  I  e  o  y  I  -  /V-  h  y  d  r  o  x  y  I  a  m  i  d  c ,  33.6  nM  oleoyl-iV-hydroxylamide  and  5  nM  BSP,  or  buffer  alone. 
Medium  was  replaced  every  other  day  with  fresh  medium  containing  the  positive  control  bFGF, 
BSP,  BSP-KAE,  and/or  inhibitors.  Cells  were  fixed  in  70%  ethanol  on  day  12,  and  tubule 
formation  was  quantified  following  immunostaining  with  a  mouse  anti-human  PEC  AM- 1 
monoclonal  antibody  (TCS  Cell  Works),  and  secondary  antibody  with  the  substrate  5-bromo-4- 
chloro-3-indolyl  phosphate/  nitro  blue  tetrazolium  (BCIP/NBT,  from  Sigma).  Images  were 
visualized  on  a  Nikon  Diaphot  inverted  microscope  and  digitized  with  a  Polaroid  CCD  digital 
camera  and  software.  Two  images  per  well  were  captured  and  digitized,  and  the  number  of 
tubules,  the  number  of  branch  points  (junctions)  between  tubules,  and  the  total  tubule  length 
(in  pixels)  were  determined  using  AngioSys  version  1.0  (TCS  Cell  Works). 

For  MMP  activity  assays,  a  membrane-associated  fraction  was  prepared  from  the  HUVEC 
cocultures  essentially  as  described  by  Ward  et  al.  (17).  Briefly,  cells  were  scraped  from  culture 
wells  in  cold  5  mM  Tris-HCl  (pH  7.8)  and  homogenized,  and  crude  membranes  were  prepared 
by  centrifugation  of  the  cell  lysate  at  I  OOOOg  for  15  min  at  4  °C.  The  supernatant  was 
centrifuged  at  1 05000#  for  1  h  at  4  °C;  then,  the  supernatant  was  removed,  and  the  membrane 
fraction  was  resuspended  in  20  mM  Tris-HCl  (pH  7.8),  10  mM  CaCF,  and  0.05%  Brij  35.  A 
20  fiL  aliquot  of  the  membrane  fraction  pool  was  added  to  12.5  /zg/mL  fluoresceinconjugated 
gelatin  substrate  conjugate  in  a  200  //L  total  volume  of  reaction  buffer  containing  50  mM  Tris 
(pH  7.6),  150  mM  NaCl,  and  5  mM  CaCli  as  previously  described  (16).  This  substrate  is  highly 
substituted  with  fluorescein  moieties  so  that  the  fluorescent  signal  is  self-quenched  until 
proteolytic  cleavage  liberates  fragments  and  a  robust  fluorescent  emission  is  measured. 
Fluorescence  data  were  acquired  with  excitation  at  485  nm  and  emission  at  535  nm.  Reactions 
were  run  in  triplicate. 

Collagen  Sandwich  Angiogenesis  Assay 

HUVECs  were  transfected  with  104  pfu  adenovirus/cell  for  24  h  in  EGM-2  defined  medium. 
The  adenovirus  contained  the  coding  sequence  for  normal  BSP  (12)  or  was  the  null  (empty) 
Ad5  virus.  Cells  were  then  released  from  the  flasks  by  trypsin/  EDTA  treatment,  counted  with 
a  hemocytometer,  and  then  seeded  at  a  density  of  104  cells/well  onto  wells  that  had  been  coated 
with  type  I  collagen  and  allowed  to  gel.  The  collagen  sandwich  was  made  by  mixing  8  volumes 
of  a  cold  type  acid-soluble  3  mg/mF  type  I  collagen  solution  (pH  3.0)  (Cellmatrix,  Nitta,  Osaka, 
Japan)  with  1  volume  of  cold  lOx  concentrated  MEM  buffer  without  NaHC03.  The  solution 
was  carefully  mixed,  while  on  ice,  an  additional  1  volume  of  reconstitution  buffer  (2.2  g  of 
NaHC03  in  100  mF  of  0.05  N  NaOH  and  200  mM  HEPES)  was  added  and  mixed.  Wells  of  a 
48-well  plate  were  coated  with  150  juL  of  the  solution,  and  the  plate  was  placed  in  a  37  °C 
incubator  with  5%  C02  for  30  min  to  gel  the  solution.  Cells  were  added  to  each  well  in  a 
volume  of  150  /zL,  and  the  plate  was  returned  to  the  tissue  culture  incubator  to  enable  cell 
attachment.  After  2  h  at  37  °C,  the  unattached  cells  in  solution  were  aspirated  from  the  wells, 
the  wells  were  rinsed  twice  with  serum-free  medium,  and  a  second  150  /zL  portion  of  the 
collagen  solution  was  added  to  each  well.  After  30  min  at  37  °C,  endothelial  cell  basal  medium 
(EBM-2,  Cambrex  Corp.)  with  or  without  1 .25  /zg  of  an  activity  blocking  anti-MMP-2  antibody 
was  added  to  each  well  and  HUVECs  were  grown  in  culture  for  up  to  an  additional  48  h. 
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The  cell  number  in  the  collagen  gel  culture  system  was  followed  by  using  the  addition  of  CCK-8 
to  the  medium  at  the  start  of  the  experiments  following  the  manufacturer’s  protocol.  CCK-8, 
which  is  less  toxic  then  other  tetrazolium  salts  such  as  MTT  and  can  be  used  to  monitor  cell 
proliferation  over  days  of  continuous  culture,  is  metabolized  by  cells  to  form  a  formazan  dye 
whose  absorbance  value  at  460  nm  is  directly  proportional  to  the  number  of  living  cells.  The 
fluorescein-conjugated  gelatin  substrate  was  used  to  follow  MMP  proteolytic  activity  in  the 
collagen  gels.  A  solution  of  12.5  /tg/mL  fluorescein-substrate  conjugate  was  added  to  the 
bottom  collagen  gel  prior  to  polymerization.  Fluorescence  data  were  acquired  with  excitation 
at  485  nm  and  emission  at  535  nm  using  a  Victor  2  Multilabel  plate  analyzer.  MMP  enzyme 
activity  was  measured  as  the  rate  of  change  in  fluorescence  per  minute,  with  the  slope  over  the 
first  10  min  determined.  Zymography  for  MMP  detection  and  Western  blotting  for  profiling 
BSP  protein  expression  were  performed  exactly  as  previously  described  (16). 


RESULTS 

TIMP  Inhibition  Kinetics 

To  determine  the  effect  of  BSP  on  active  wild-type  MMP-2  and  TIMP2  reaction  kinetics,  a 
low-molecular  weight  substrate  was  employed  to  follow  product  evolution  over  time.  MMP-2 
incubated  with  increasing  concentrations  of  TIMP2  exhibited  the  expected  dose-dependent 
inhibition  (Figure  1  A).  The  level  of  inhibition  by  TIMP2  was  significantly  decreased  either  by 
the  presence  of  a  preformed  MMP-2-BSP  complex  or  by  the  simultaneous  addition  of  BSP 
and  TIMP2  to  MMP-2  (Figure  1B,C).  To  investigate  whether  a  decreased  level  of  inhibition 
of  MMP-2  by  TIMP2  in  the  presence  of  BSP  was  associated  with  an  altered  affinity,  we 
obtained  substrate-velocity  plots  by  varying  substrate  concentrations  of  each  at  different  but 
fixed  inhibitor  concentrations.  Reaction  conditions  included  either  TIMP2  and  10  nM  MMP-2, 
TIMP2  and  10  nM  preformed  equimolar  MMP-2-BSP  complexes,  or  simultaneous  mixes  of 
TIMP2,  10  nM  MMP-2,  and  10  nM  BSP  (Figure  1D-F). 

Because  there  are  two  distinct  binding  sites  for  TIMP2  on  MMP-2,  TIMP2  does  not  act  purely 
as  a  competitive  inhibitor  (18).  The  common  types  of  inhibition  (competitive,  uncompetitive, 
and  noncompetitive)  are  all  special  cases  of  linear  mixed  inhibition  (19).  The  generalized  linear 
mixed  inhibition  equation  V  =  Vmax[S]/[ZVm(  1  +  [I]/Kjc)  +  [S](l  +  [I]/Kju)]  was  employed  to 
determine  the  reaction  rate,  where  Vmax  is  the  limiting  rate,  Km  is  the  Michaelis  constant,  Klc 
is  the  competitive  inhibition  constant,  and  K{u  is  the  uncompetitive  inhibition  constant.  For 
competitive  inhibition,  [I]/K;u  is  negligible,  while  for  uncompetitive  inhibition,  [I]/Kjc  is 
negligible.  In  pure  noncompetitive  inhibition,  the  inhibition  constants  are  equal. 

Global  curve  fitting  of  the  family  of  substrate-velocity  curves  revealed  a  significant  increase 
in  K[c  and  Klu  values  for  the  MMP-2-BSP  complex  as  well  as  the  simultaneously  added  MMP-2 
and  BSP  (Table  1 ).  The  inhibitor  TIMP2  had  Klc  and  Km  values  for  the  MMP-2-BSP  preformed 
complex  increased  36-  and  6-fold,  respectively.  The  Klc  and  K;u  values  were  increased  15-  and 
6-fold,  respectively  when  all  components  were  added  simultaneously.  These  values  indicate  a 
relatively  poor  affinity  of  the  inhibitor  for  MMP-2  in  the  presence  of  BSP.  The  fitted  values 
for  Km  and  Vmax  were  not  significantly  different  with  or  without  TIMP2  or  BSP.  The  order  of 
magnitude  change  in  the  apparent  inhibitor  affinity  for  MMP-2  in  the  presence  of  BSP  indicates 
that  SIBLING  modulation  of  MMPs  may  be  physiologically  significant. 

Low-Molecular  Weight  Inhibitor  Kinetics 

The  MMP  inhibitors  ilomastat  and  olcoy  I- N-  h  yd  ro  x  y  I  a  m  i  d  e  were  utilized  to  test  whether  low- 
molecular  weight  drug  inhibition  of  MMP-2  activity  could  be  modulated  by  BSP.  Ilomastat  at 
a  concentration  of  1  nM  inhibited  the  initial  velocity  of  MMP-2  activity  to  39%  of  control 
activity,  while  the  same  concentration  of  inhibitor  reduced  the  activity  of  the  MMP-2  with  BSP 
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to  only  70%  of  the  control,  suggesting  that  the  inhibitor  is  much  less  effective  against  MMP-2 
in  the  conformation  resulting  from  the  binding  of  BSP  (Figure  2A).  Similar  to  the  studies  with 
TIMP2,  substrate-velocity  plots  of  the  enzyme  activity  of  MMP-2  in  the  presence  of  different 
concentrations  of  ilomastat  reacted  with  increasing  substrate  concentrations  in  the  presence  or 
absence  of  BSP  were  made.  BSP  reduced  the  level  of  inhibition  by  ilomastat  whether  it  was 
added  as  a  preformed  complex  with  MMP-2  (Figure  2C)  or  added  simultaneously  to  MMP-2 
with  the  inhibitor  (Figure  2D).  Because  ilomastat  is  a  competitive  inhibitor,  kinetic  parameters 
in  the  presence  and  absence  of  BSP  can  be  determined  by  fitting  the  substrate-velocity  curves 
to  the  equation  for  competitive  inhibition  v  =  Fmax[S]/Km(l  +  [I]/Kic)  +  [S],  where  Vmax  is  the 
limiting  rate,  Km  is  the  Michaelis  constant,  KIC  is  the  competitive  inhibition  constant,  [S]  is  the 
substrate  concentration,  and  [I]  is  the  ilomastat  concentration.  The  results  indicated  a 
significant  increase  (>30-fold)  in  the  Klc  value  of  ilomastat  for  MMP-2  when  BSP  was  included 
in  the  reaction  mixture  (Table  1).  Thus,  ilomastat  exhibited  a  reduced  affinity  for  MMP-2  in 
the  presence  of  BSP. 

The  same  substrate  and  reaction  conditions  were  utilized  to  follow  MMP-2  reaction  velocities 
in  the  presence  of  the  low-molecular  weight  inhibitor  ol  eoy  1  -/V-  h  y  droxy  1  ami  d  e .  The  addition 
of  1 0«M  oleoy  I- TV-  h  y  d  ro  x  y  I  a  m  i  d  e  inhibited  the  activity  of  MMP-2  by  80%,  while  the  inclusion 
of  10  nM  BSP  restored  activity  by  -50%  (Figure  3A).  Titration  with  increasing  amounts  of 
BSP  revealed  a  dose  response  to  the  increase  in  enzymatic  activity,  with  the  highest  dose,  100 
nM  BSP,  restoring  the  activity  of  the  inhibited  enzyme  to  75%.  Substrate-velocity  plots  were 
made  for  reaction  conditions  of  MMP-2  incubated  with  o  I  co  y  I  -  N  -  h  y  d  ro  x  y  I  a  m  i  d  e  alone,  an 
MMP-2-BSP  preformed  complex  incubated  with  oleoy  I  -  N-  h  y  d  ro  x  y  I  am  i  d  e ,  and 
simultaneously  added  MMP-2,  BSP,  and  o  I  coy  I  -  A-  h  yd  rox  y  I  amide  (Figure  3B-D).  Global 
curve  fitting  of  the  family  of  substrate-velocity  curves  revealed  a  significant  increase  the  value 
of  K[c  for  oleoyl-A-hydroxylamide  in  the  presence  of  BSP  (Table  1).  The  inhibitor  oleoyl-TV- 
hydroxylamide  had  its  Klc  value  for  the  MMP-2-BSP  preformed  complex  increased  25-fold, 
while  the  Klc  value  was  increased  18-fold  when  all  components  were  added  simultaneously. 

BSP  Restores  Activity  to  Inhibited  MMPs  in  Vitro 

The  ability  of  BSP  to  restore  enzymatic  activity  to  MMP-2  inhibited  by  TIMP2,  ilomastat,  or 
o  I  e  o  y  I  -  A'-  h  y  d  r  o  x  y  I  a  m  i  d  c  in  a  purified  component  assay  led  to  a  screen  of  the  effects  of  BSP 
on  MMP  inhibitors  in  an  in  vitro  model  system  with  a  biological  readout  (tubule  formation). 
The  model  system  used  human  umbilical  vein  endothelial  cells  (HUVECs)  cocultured  with 
normal  adult  human  diploid  dermal  fibroblasts  grown  in  a  defined  endothelial  cell  basal 
medium  supplemented  with  EGM-2.  Over  the  course  of  almost  2  weeks  of  culture,  the 
endothelial  cells  form  threadlike  tubule  structures  and  expressed  endothelial  cell-specific 
components  that  can  be  stained  immunohostochemically  with  antibodies  against  PECAM-1 
(Figure  4).  BSP  (5  nM)  alone  stimulated  tubule  formation  by  FIUVECs  above  that  of  control. 
Treatment  of  the  coculture  system  with  a  variant  of  BSP  whose  RGD  sequence  had  been 
mutated  to  KAE  (BSPKAE,  which  can  not  bind  the  av/?3  integrin  and  is  unable  to  be  localized 
to  the  cell  surface)  caused  a  reduction  in  the  level  of  tubule  formation.  Incubation  separately 
with  5  nM  TIMP2,  5  nM  ilomastat,  or  33.6  nM  oleoy  I  -  N-  h  y  d  ro  x  y  I  a  m  i  d  c  inhibited  tubule 
formation  below  control  levels.  The  inclusion  of  BSP  with  MMP-specific  inhibitors  increased 
immunostained  tubule  structures. 

Quantification  of  tubule  formation  using  AngioSys  version  1.0  revealed  that  incubation  of  the 
cells  with  5  nM  bFGF  or  5  nM  BSP  alone  resulted  in  a  similar  increase  in  tubule  and  junction/ 
branching  numbers  (289  ±  55  tubules  and  110  +  21  branches  for  bFGF  vs  335  +  18  tubules  and 
145  +  13  branches  for  BSP).  Treatment  with  BSPKAE  inhibited  tubule  formation  by  50%  and 
branching  by  70%,  relative  to  control  (Figure  5A,B).  The  MMP  inhibitors  decreased  the  level 
of  tubule  formation  and  branching  between  25  and  90%.  The  addition  of  BSP  to  TIMP2-, 
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ilomastat-,  or  o  I  coy  1-N-h  yd  ro  x  y  I  am  i  de-  treated  cells  significantly  increased  the  number  of 
tubules  approximately  3-fold  and  the  number  of  branch  points  approximately  5-fold  compared 
to  levels  with  inhibitor  alone.  The  restoration  of  tubule  formation  by  the  addition  of  BSP  to 
oleoyl-A-hydroxylamide-treated  cells,  although  significant  compared  to  conditions  with 
inhibitor  alone,  was  much  weaker  than  that  for  control  and  other  BSP  treatment  conditions. 
The  effect  of  BSP  on  MMP  activity  in  the  in  vitro  coculture  angiogenesis  system  was  also 
studied  using  a  large  macromolecular  substrate,  fluorescein-gelatin,  to  measure  MMP  enzyme 
activity  of  plasma  membrane  preparations.  When  the  gelatinase  activity  of  membrane- 
associated  MMPs  was  assayed  in  cohort  wells  treated  under  the  same  conditions,  the  pattern 
paralleled  that  of  the  number  of  tubules  and  branches  (Figure  5C).  Incubation  of  the  cells  with 
5  nM  bFGF  alone  resulted  in  an  average  membraneassociated  enzyme  activity  of  225  +  11 
fluorescein-gelatin/  min,  while  5  nM  BSP  was  associated  with  445  +  67  fluorescein-gelatin/ 
min.  The  BSPKAE  variant  had  a  membrane-associated  gelatinase  activity  of  78  +  19 
fluoresceingelatin/  min.  MMP  activity  as  a  percentage  of  control  values  was  40%  with  TIMP2, 
50%  with  ilomastat,  and  10%  with  oleoy  I- N-  h  y  d  ro  x  v  I  a  m  i  d  c .  The  addition  of  BSP  to  the  culture 
medium  significantly  restored  enzyme  activity  in  the  presence  of  each  inhibitor  (p  <  0.01). 

The  coculture  system  requires  multiple  days  of  cell  growth  prior  to  tubule  formation  and  as 
such  was  not  ideal  for  demonstrating  a  direct  linkage  among  BSP,  MMP-2,  and  tubule 
formation.  A  second  model  system  of  angiogenesis  was  employed  that  required  a  much  shorter 
time  frame  (14-24  h)  and  could  be  easily  manipulated  to  incorporate  MMP-specific  blocking 
antibodies.  HUVECs  grown  in  EBM-2  medium  were  transfected  with  adenovirus  for  BSP,  or 
null  Ad5  virus  as  a  negative  control,  and  then  transferred  into  collagen  sandwiches.  At  14,  24, 
and  48  h,  cells  in  the  collagen  sandwich  were  visualized  using  a  Nikon  Daiphot  microscope. 
Collagen  gels  containing  null  virus-transfected  cells  exhibited  an  isolated  spherical  pattern  at 
14  and  24  h,  and  by  48  h,  few  cells  had  elongated  and  associated  to  form  tubules  (Figure  6). 
In  contrast,  wells  containing  BSPtransfected  cells  showed  cell  elongation,  association,  and 
tubule  formation  by  14  h.  The  inclusion  of  a  monoclonal  antibody  that  specifically  blocks  the 
activity  of  MMP-2  with  cells  transfected  with  the  BSP  adenovirus  in  the  collagen  sandwich 
system  visibly  reduced  the  level  of  cell  elongation  and  association  at  all  time  points. 

Tubule  formation  was  again  quantified  as  the  number  of  tubules  and  branches  using  AngioSys 
version  1.0.  The  small  number  of  tubules  in  the  null-transfected  cells  increased  over  the  time 
course;  however,  the  numbers  remained  relatively  small  (Figure  7).  In  the  BSP  adenovirus- 
transfected  cells,  the  number  of  tubules  increased  between  6-  and  14-fold  over  the  14,  24,  and 
48  h  time  points  when  compared  to  those  of  the  null  virus-transfected  cells.  The  addition  of 
the  anti-  MMP-2  antibody  reduced  the  number  of  tubules  74-84%.  Similarly,  the  number  of 
branches  remained  low  of  the  three  time  points  in  the  null  transfected  cell,  increased  between 
6-  and  8-fold  in  the  BSP  adenovirus-transfected  cells,  and  decreased  62-83%  by  the  inclusion 
of  the  MMP-2  antibody.  Because  it  is  possible  that  the  expression  of  BSP  changed  the 
proliferation  of  the  cells  which  in  turn  altered  tubule  formation  and  branching,  the  number  of 
cells  in  each  well  was  profiled  using  the  CCK-8  tetrazolium  salt.  The  relative  absorbance  did 
increase  to  a  small  degree  across  the  time  points.  The  largest  increase  was  observed  in  the  BSP 
adenovirus  cells  which  had  a  13%  increase  in  absorbance,  while  the  inclusion  of  the  MMP-2 
antibody  with  the  BSP  adenovirus-transfected  cells  exhibited  a  4%  increase  between  14  and 
48  h.  There  were,  however,  no  significant  differences  in  cell  number  between  any  of  the 
conditions  and  time  points;  thus,  it  is  unlikely  that  effects  of  BSP  on  cell  proliferation  account 
for  an  increased  level  of  tubule  formation.  We  have  observed  that  cells  grown  for  more  than 
72  h  in  the  collagen  gel  system  do  show  differences  in  cell  survival  and  cell  number  (data  not 
shown).  However,  in  the  current  assay,  significant  tubule  formation  occurred  well  before  any 
changes  in  cell  number. 
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The  activity  of  MMPs  in  the  gel  culture  system  was  monitored  using  the  fluorescein-gelatin 
substrate.  Cells  transfected  with  the  BSP  adenovirus  had  between  3-  and  5-fold  higher  enzyme 
activity  then  cells  transfected  with  null  virus,  while  the  inclusion  of  the  monoclonal  antibody 
against  MMP-2  reduced  enzyme  activity  between  54  and  7 1  %  across  the  different  time  points. 
In  the  collagen  gel  system,  membrane-associated  MMP-2  activity  was  necessary  for  BSP- 
dependent  tubule  formation.  The  endothelial  cells  were  used  to  test  whether  attachment  of  BSP 
to  the  cell  membrane  was  required  for  tubule  formation.  HUVECs  were  transfected  with  null 
Ad5  virus,  BSP,  or  BSPKAE  adenovirus  and  grown  in  collagen  gels  for  24  h,  and  tubule 
formation  was  monitored  by  microscopy  (Figure  8).  Expression  of  BSP  with  an  intact  RGD 
sequence  led  to  abundant  tubule  formation,  while  transfection  with  BSPKAE  reduced  the  level 
of  tubule  formation  below  control  levels.  HUVECs  transfected  with  null  Ad5  virus  or  the 
BSPKAE  virus  had  no  detectable  BSP  in  a  membrane-associated  pool  (Figure  8D).  The  levels 
of  active  MMP-2  in  the  membrane-associated  pool  were  elevated  in  the  BSP-transfected  cells 
and  reduced  in  the  BSPKAE-transfected  cells.  These  observations  are  consistent  BSP- 
dependent  tubule  formation  requiring  BSP  and  MMP-2  localization  to  the  cell  surface. 

DISCUSSION 

BSP  is  a  member  of  the  SIBLING  gene  family  (2).  It  is  extended  and  flexible  in  solution,  and 
such  a  lack  of  ordered  structure  is  shared  by  a  number  proteins  that  have  multiple  binding 
partners  (1).  BSP  can  bind  the  dy/?3  integrin  via  its  RGD  sequence  (20,21)  and  to  complement 
Factor  H  (12).  BSP  can  also  bind  to  and  modulate  the  activity  of  MMP-2  (16).  Binding  of  BSP 
to  MMP-2  was  associated  with  conformational  changes  as  indicated  by  fluorescence  quenching 
during  BSP  binding  titration  (indicating  a  change  in  the  microenvironment  of  the  MMP’s 
tryptophans),  and  by  increased  susceptibility  of  a  BSP-proMMP-2  complex  to  plasmin 
cleavage.  BSP  binding  to  pro-MMP-2  was  associated  with  increased  proteolytic  activity,  and 
BSP  binding  to  TIMP2-inhibited  MMP-2  restored  activity  (16).  Taken  together,  the  data 
suggest  that  conformational  changes  in  MMP-2  induced  by  BSP  binding  may  include  changes 
in  the  shape  of  the  active  site  and  inhibitor  binding  domains.  A  trimolecular  complex  of  BSP, 
dv/?3,  and  MMP-2  can  be  demonstrated  by  immunoprecipitation,  flow  cytometry,  and  in  situ 
hybridization  in  cancer  cells  grown  in  vitro  (14).  BSP  message  was  induced  in  multiple  cancers 
and  its  expression  correlated  with  paired  MMP-2  expression  as  well  as  tumor  stage  (15). 

MMP-2,  a  gelatinase  that  can  degrade  components  of  the  extracellular  matrix  at  physiological 
pH,  is  regulated  in  vivo  by  the  naturally  occurring  TIMPs  and  RECK  (22,23).  TIMP2  binding 
to  MMP-2  involves  distinct  domains  on  both  the  inhibitor  and  the  enzyme  (24-26).  The  binding 
and  kinetics  of  MMP-2  and  TIMP2  are  more  complex  than  simple  competitive  inhibition.  In 
our  analyses,  we  have  used  a  mixed  linear  model  of  mixed  inhibition  (19)  and  observed 
inhibition  constants  at  or  below  the  nanomolar  range.  Kt  values  in  the  subnanomolar  range  for 
TIMP2  and  MMP-2  using  the  same  substrate  have  been  reported  in  the  literature  (27-29), 
though  a  more  recent  analysis  has  yielded  3-4-fold  higher  estimates  (30).  The  different  reported 
values  are  most  likely  due  to  differences  in  sources  and  concentrations  of  substrate,  enzyme, 
and  inhibitor. 

BSP  was  found  to  significantly  reduce  the  affinity  of  low-molecular  weight  synthetic  inhibitors 
(ilomastat  and  oleoyl-  A'-hydroxylamidc)  for  MMP-2.  Ilomastat  as  a  hydroxamate  class 
inhibitor  blocks  the  activity  of  multiple  MMPs  and  has  been  used  to  disrupt  angiogenesis  and 
metastasis  (31-33).  Ilomastat  blocked  TNFa  processing  (34),  experimental  autoimmune 
encephalitis  (35),  angiogenesis,  and  metastasis  (31-33).  The  magnitude  of  the  change  in  the 
apparent  affinity  of  the  inhibitor  for  MMP-2  in  the  presence  of  BSP  indicates  that  SIBLING 
modulation  of  MMP  inhibition  by  lowmolecular  weight  drugs  can  be  physiologically 
significant. 
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Finally,  cell  culture  model  systems  were  used  to  test  whether  BSP  modulation  of  MMP-2  occurs 
in  vitro.  The  first  model  system  utilized  human  umbilical  vein  endothelial  cells  (HUVECs) 
cocultured  with  normal  adult  human  diploid  dermal  fibroblasts.  The  endothelial  cells  form 
small  islands  among  the  fibroblasts,  proliferate,  and  migrate  through  the  coculture  matrix  to 
form  threadlike  tubule  structures.  These  cordlike  structures  join  up  to  form  a  network  of 
anastomosing  tubules  (36).  The  observed  effects  of  BSP  (stimulating  basal  tubule  formation 
and  restoring  formation  to  TIMP2-,  ilomastat-,  or  oleoyl-A-hydroxylamide-inhibited  cultures) 
were  consistent  with  BSP  modulating  MMP-2  activity.  BSPKAE,  which  lacks  the  ability  to 
bind  to  cell  surface  receptors,  did  not  stimulate  tubule  formation.  Profiling  MMP-2  activity  in 
the  in  vitro  coculture  system  (by  fluorescent  substrate  assays)  demonstrated  changes  with  BSP 
or  BSPKAE  treatment  consistent  with  a  requirement  for  BSP  cell  surface  localization  for  BSP- 
dependent  activity.  The  HUVEC  culture  in  the  collagen  gel  system  similarly  exhibited  an 
increased  level  of  tubule  formation  when  cells  expressed  BSP.  The  inclusion  of  an  activity¬ 
blocking  antibody  to  MMP-2  significantly  reduced  the  level  of  BSP-dependent  tubule 
formation.  Transfection  with  BSPKAE  also  led  to  a  decreased  level  of  tubule  formation  which 
was  associated  with  reduced  levels  of  active  MMP-2  at  the  cell  surface.  In  both  culture  systems, 
MMP  enzyme  activity  correlated  with  the  extent  of  tubule  formation  and  presence  of  BSP. 
Thus,  BSP  promotion  of  HUVEC  tubule  formation  most  likely  acts  through  BSP  cell  surface 
localization  and  the  modulation  of  MMP-2  activity.  It  has  been  reported  that  BSP  promotes 
angiogenesis  in  the  chick  chorioallantoic  membrane  system  (37).  These  results  indicate  that 
BSP  has  biochemical  and  biological  plausibility  to  be  playing  active  roles  in  tumor  progression 
in  vivo.  BSP  is  induced  by  multiple  neoplasms  in  vivo,  and  its  modulation  of  inhibitor  affinity 
for  MMP-2  might  contribute  to  the  relative  lack  of  efficacy  seen  in  the  recent  clinical  trials  of 
MMP  inhibitors  in  numerous  cancers  (38).  This  suggests  that  the  screening  of  new  inhibitors 
of  MMPs  for  potential  therapeutic  use  should  be  done  in  the  presence  of  BSP. 
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FIGURE  1. 

Effects  of  BSP  on  TIMP2  inhibition  of  MMP-2.  The  substrate  Ac-PLG-(2-mercapto-4- 
methylpentanoyl l-LG-OCnHs  was  incubated  in  assay  buffer  at  a  final  concentration  of  100 
«M  with  (A)  10  nM  MMP-2  and  different  concentrations  of  TIMP2,  (B)  10  nM  MMP-  2-BSP 
preformed  complex  incubated  with  increasing  concentrations  of  TIMP2,  or  (C)  simultaneously 
added  10  nM  MMP-2  and  BSP  and  different  concentrations  of  TIMP2.  TIMP2  concentrations 
were  0  (□),  1  (o),  5  (A),  10  (O),  and  20  (V).  The  concentrations  MMP-2  and  BSP  were  10 
nM.  Reaction  rates  were  profiled  by  increasing  the  substrate  concentration  from  10  to  200 
«M.  Data  from  the  first  6  min  of  each  reaction  condition  were  used  to  calculate  Vo  (picomoles 
per  second)  values.  Substrate-velocity  plots  of  MMP-2  incubated  with  different  concentrations 
of  TIMP2  (D),  of  MMP-2-BSP  complexes  incubated  with  varying  concentrations  of  TIMP2 
(E),  or  of  MMP-2  incubated  simultaneously  with  TIMP2  and  BSP  (F)  were  determined. 
MMP-2-BSP  preformed  complexes  were  formed  by  incubation  at  37  °C  for  30  min  prior  to 
addition  to  the  reaction  mixture.  Six  separate  experiments  were  combined  for  each  condition, 
and  values  represent  the  mean  +  the  standard  deviation. 
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FIGURE  2. 

Effects  of  BSP  on  ilomastat  inhibition  of  MMP-2.  Peptide  substrate  (100  «M)  was  incubated 
with  10  nM  MMP-2  (□),  10  nM  MMP-2  and  1  nM  ilomastat  (*),  or  10  nM  MMP-2,  10  nM 
BSP,  and  1  nM  ilomastat  (A)  and  the  evolution  of  product  followed  by  absorbance  at  405  nm 
(A).  We  generated  substrate-velocity  plots  by  increasing  the  substrate  concentration  at  different 
fixed  inhibitor  concentrations  with  the  slope  over  the  first  6  min  being  used  to  calculate  Vo 
values  (B-D).  Active  MMP-2  was  incubated  with  ilomastat  whose  concentration  varied:  0  (□), 
0.1  (o),  0.5  (A),  1  (»),  5  (V),  and  10  nM  (+).  Inhibitor  and  substrate  titrations  were  carried  out 
by  adding  the  inhibitor  to  (B)  MMP-2,  (C)  an  MMP-2-BSP  preformed  complex,  or  (D) 
simultaneously  added  10  nM  MMP-2  and  BSP. 
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FIGURE  3. 

Effects  of  BSP  on  o I e o y  I  - /V- h y d r o x y  I  a m  i cl c  (HO- Ay)  inhibition  of  MMP-2.  Peptide  substrate 
(100  /;M)  was  incubated  with  10  nM  MMP-2  (□),  10  nM  MMP-2  and  1  nM  HO- Ay  (A),  or  10 
nM  MMP-2,  1  nM  HO- Ay,  and  varying  concentrations  of  BSP  (A),  and  the  evolution  of 
product  followed  by  absorbance  at  405  nm  over  the  first  6  min  of  the  reaction  was  used  to 
profile  a  dose  response  of  BSP  restoration  of  activity  (A).  Substrate -velocity  plots  were 
generated  by  increasing  substrate  concentrations  at  different  fixed  inhibitor  concentrations  with 
the  slope  over  the  first  6  min  being  used  to  calculate  Vo  values  (B-D).  Active  MMP-2  was 
incubated  with  HO-Ay,  whose  concentration  varied:  0  (□),  1  (o),  10  (A).  100  ("),  and  1000 
/tM  (V).  Inhibitor  and  substrate  titrations  were  made  by  adding  the  inhibitor  to  (B)  MMP-2, 
(C)  an  MMP-2-BSP  preformed  complex,  or  (D)  simultaneously  added  10  nM  MMP-2  and 
BSP. 
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FIGURE  4. 

BSP  stimulates  angiogenesis  and  overcomes  MMP-2  inhibitors  in  vitro.  HUVECs  cocultured 
with  fibroblasts  were  treated  starting  on  day  6  of  culture  with  (A)  vehicle  alone,  (B)  5  nM  BSP, 
(C)  5  nM  BSPKAE,  (D)  5  nM  TIMP2,  (E)  5  nM  ilomastat,  (F)  33.6  nM  oleoyl-A- 
hydroxylamide  (HO-Ay),  (G)  5  nM  BSP  and  5  nM  TIMP2,  (H)  5  nM  BSP  and  5  nM  ilomastat, 
or  (I)  5  nM  BSP  and  33.6  nM  oleoy  I- N-  h  yd  ro  x  y  I  a  m  i  d  e .  The  cells  were  fixed  on  day  12  and 
probed  with  a  PEC  AMI  antibody  (blue)  to  visualize  tubule  formation.  Note  that  BSP  stimulated 
tubule  formation  and  in  equimolar  amounts  reversed  the  inhibitory 
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FIGURE  5. 

Quantification  of  the  effects  of  recombinant  BSP  on  tubule  formation  and  in  overcoming  the 
effects  of  MMP-2  inhibitors.  Two  distinct  fields  from  each  triplicate  well  of  the  experimental 
conditions  described  were  digitized  as  .tif  files  and  analyzed  using  AngioSys  version  1.0  (TCS 
Cell  Works).  The  image  analysis  package  determined  the  number  of  tubules  (A)  and  the  number 
of  branch  points  or  junctions  (B)  between  tubules.  In  addition,  a  cell  surface-associated  pool 
from  day  10  cohort  cultures  was  assayed  for  MMP  activity  by  the  large  fluorescein-gelatin 
substrate  assay  (C).  The  §  symbol  represents  an  ANOVA  p  value  of  <0.05  for  comparing 
control  values  vs  with  inhibitor.  Asterisks  represent  t  test  p  values  with  of  <0.05  (one  asterisk) 
and  <0.01  (two  asterisks)  for  comparing  each  inhibitor  with  or  without  BSP. 
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FIGURE  6. 

BSP  stimulation  of  HUVEC  tubule  formation  is  MMP-2-dependent.  HUVECs  that  were 
transfected  with  an  adenovirus  encoding  BSP  or  with  null  adenovirus  were  transferred  onto 
type  I  collagen  gels,  and  a  second  layer  of  collagen  was  layered  on  top  of  the  adherent  cells 
forming  a  collagen  sandwich.  A  set  of  BSP  adenovirus-transfected  cells  were  also  treated  with 
an  activity  blocking  antibody  to  MMP-  2.  Null  virus-transfected  cells  (A,  D,  and  G),  BSP  virus- 
transfected  cells  (B,  E,  and  H),  and  BSP  adenovirus-transfected  cells  treated  with  1.25  /tg/mL 
MMP-2  antibody  (C,  F,  and  I)  were  visualized  at  14  (A-C),  24  (D-F),  and  48  h  (G-I)  on  a 
Nikon  Diaphot  inverted  microscope  and  digitized  with  a  Polaroid  CCD  digital  camera. 
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FIGURE  7. 

Quantification  of  the  effects  of  BSP  expression  on  tubule  formation.  As  in  Figure  5,  two  distinct 
fields  from  each  triplicate  well  of  the  null  virus-transfected  cells  (0Ad5),  BSP  adenovirus- 
transfected  cells  (BSP  Ad5),  and  BSP  adenovirus-transfected  cells  treated  with  MMP-2 
antibody  (BSP  Ad5  +  mAh)  were  digitized  as  .tif  files  and  analyzed  using  AngioSys  version 
1.0.  The  number  of  tubules  (A)  and  the  number  of  branch  points  or  junctions  between  tubules 
(B)  were  calculated.  In  addition,  cell  number  was  followed  by  absorbance  using  a  water  soluble 
MTT  dye,  CCK-8  (C),  and  MMP  activity  (D)  was  assayed  by  following  fluorescein  emission 
in  wells  where  the  large  fluorescein-gelatin  substrate  had  been  incorporated  into  the  collagen 
gel  (C).  The  time  points  analyzed  were  14  h  (black  bars),  24  h  (gray  bars),  and  48  h  (white 
bars).  The  §  symbol  represents  a  paired  t  test  p  value  of  <0.001  for  comparing  null  virus-  to 
BSP  virus-transfected  cells  across  the  different  time  points.  Asterisks  represent  t  test  p  values 
of  <0.01  (one  asterisk)  and  <0.001  (two  asterisks)  for  comparing  BSP  virus -transfected  cells 
with  or  without  MMP-2  antibody  across  the  different  time  points. 
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FIGURE  8. 

BSP  increases  the  level  of  active  MMP-2  cell  surface  localization  during  tubulogenesis. 
HUVECs  that  were  transfected  with  an  adenovirus  encoding  BSP  or  BSPKAE  or  with  null 
adenovirus  were  transferred  into  type  I  collagen  gels.  Null  virus-transfected  (A),  BSP- 
transfected  (B),  and  BSPKAE-transfected  (C)  cells  were  visualized  at  24  h  with  a  Nikon 
Diaphot  inverted  microscope  and  digitized  with  a  Polaroid  CCD  digital  camera.  Plasma 
membrane-associated  pools  were  generated  from  the  different  conditions  and  analyzed  for  BSP 
protein  levels  by  Western  blot  (D)  and  for  active  MMP-2  levels  by  zymography  (E). 


Biochemistry.  Author  manuscript;  available  in  PMC  2008  August  3. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Jain  et  al. 


Page  19 


Table  1 

Bone  sialoprotein  effects  on  matrix  metalloproteinase-2  kinetic  parameters. 

Kma  ymax  Kicb  kJ’ 


MMP2C 

103  +  14 

1.9  +  0.1 

MMP2  +  BSP 

90  +  10 

2.1  +0.2 

MMP2+  TIMP2 

103  +  9 

1.9  +  0.8 

0.67  +  0.06 

1.4  ±0.2 

[MMP2+BSP]  +  TIMP2 

127  +  18 

2.1  +0.2 

24+12 

9  +  4 

MMP2  +  TIMP2  +  BSP 

98  +  14 

1.8  +  0.1 

10  +  2 

8  +  2 

MMP2+  ilomastat 

106  +  23 

1.8 +0.5 

0.3 +  0.1 

- 

[MMP2+BSP]+  ilomastat 

85  +  14 

1.5 +  0.1 

14  +  4 

- 

MMP2  +  ilomastat  +  BSP 

88  +  10 

1.6 +  0.2 

9.8  +  0.3 

- 

MMP2  +  OA-Hy 

97  +  14 

1.9 +  0.3 

5.9  +  0.4 

- 

[MMP2+BSPJ+  OA-Hy 

127  +  22 

2.1  +0.4 

150  +  47 

- 

MMP2  +  OA-Hy  +BSP 

135  +  25 

2.2  +  0.5 

106  +  48 

- 

For  the  substrate  Ac-PLG-[2-mercapto-4-methyl-pentanoyl]-LG-OC2H5,  Km  values  are  /iM. 


K[q  and  K[u  values  were  determined  by  fitting  the  generalized  linear  mixed  inhibition  equation.  K(c  values  for  TIMP2  and  ilomastat  are  nM,  while  OA- 
Hy  is  //M. 
c 

Abbreviations:  MMP2,  matrix  metalloproteinase-2;  BSP,  bone  sialoprotein;  TIMP2,  tissue  inhibitor  of  matrix  metalloproteinase-2;  OA-Hy,  oleoyl-N- 
hydroxylamide. 
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Structural  Requirements  For  Bone  Sialoprotein  Binding  And 
Modulation  Of  Matrix  Metalloproteinase-2 
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Johns  Hopkins  University  School  of  Medicine,  National  Institute  for  Dental  and  Craniofacial 

Research,  National  Institutes  of  Health,  Department  of  Medicine,  Room  5A-64  JHAAC,  5501 

Hopkins  Bayview  Circle,  Johns  Hopkins  University,  Baltimore,  MD  21224.  Phone:  410  550-2632; 

Fax:  410  550-1007 

Abstract 

Bone  sialoprotein  (BSP)  has  been  shown  to  induce  limited  gelatinase  activity  in  latent  matrix 
metalloproteinase-2  (MMP-2)  without  removal  of  the  propeptide  and  to  restore  enzymatic  activity 
to  MMP-2  previously  inhibited  by  tissue  inhibitor  of  matrix  metalloproteinase-2  (TIMP2).  The 
current  study  identifies  structural  domains  in  human  BSP  and  MMP-2  that  contribute  to  these 
interactions.  The  26  amino  acid  domain  encoded  by  exon  4  of  BSP  is  shown  by  a  series  of  binding 
and  activity  assays  to  be  involved  in  the  displacement  of  MMP-2's  propeptide  from  the  active  site 
and  thereby  inducing  the  protease  activity.  Binding  assays  in  conjunction  with  enzyme  activity  assays 
demonstrate  that  both  amino-  and  carboxy-terminal  domains  of  BSP  contribute  to  restoration  of 
activity  to  TIMP2-inhibited  MMP-2,  while  the  MMP-2  hemopexin  domain  is  not  required  for 
reactivation. 


A  family  of  secreted  proteins,  termed  SIBLINGS  ^  (for  small  /ntegrin-Zrinding  //gaud.  ,V-I  inked 
glycoproteins),  share  many  exon-related  motifs  including  the  integrrn-binding  tripeptide,  Arg- 
Gly-Asp  (RGD),  as  well  as  several  conserved  phosphorylation  and  glycosylation  sites  (1,2). 
Family  members  include  bone  sialoprotein  (BSP),  osteopontin  (OPN),  dentin  matrix  protein 
1  (DMP1),  matrix  extracellularphosphoglycoprotein  (MEPE),  and  dentin  sialophosphoprotein 
(DSPP)  (1).  All  of  the  genes  are  in  a  tandem  cluster  on  human  chromosome  4  and  were  first 
observed  to  be  expressed  in  bones  and  teeth  but  have  since  been  reported  to  all  be  expressed 
in  active  ductal  epithelial  cells  (3).  SIBLINGS  are  also  induced  in  certain  neoplasms  (4-7). 
SIBLINGS  can  propagate  biological  signals  by  acting  as  integrin  ligands  initiating  integrin 
signaling  intracellularly  and  by  binding  and  sequestering  other  proteins  to  the  cell  surface 
altering  extracellular  interactions  (4).  For  example,  BSP  is  a  cell  surface-associated  protein 
through  its  binding  of  avP3  integrin  (8,9).  BSP  can  bind  complement  factor  H  and  tether  it  to 
the  cell  surface  where  factor  FI  prevents  alternate  complement-mediated  cell  lysis  (8,10).  In 
addition,  BSP  binds  to  and  modulates  the  activity  of  matrix  metalloproteinase-  2  (MMP-2) 
(11). 
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bone  sialoprotein;  OPN,  osteopontin;  DMP1,  dentin  matrix  protein- 1;  MMP,  matrix  metalloproteinase;  TIMP,  tissue  inhibitor  of 
metalloproteinase;  mMMP2,  mutant  hemopexin-free  matrix  metalloproteinase;  DTNB,  5,5'-dithio-bis-2-nitrobenzoic  acid;  HRP, 
horseradish  peroxidase;  BSPAx4,  bone  sialoprotein  with  exon  4  deleted. 
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MMP-2  is  a  member  of  a  family  of  structurally  and  functionally  related  endoproteinases 
involved  in  development  and  tissue  repair  as  well  as  cancer  angiogenesis  and  metastasis.  We 
have  shown  that  latent  proMMP-2  can  be  at  least  partially  activated  through  the  binding  of 
BSP  (11).  More  recently,  we  have  shown  that  BSP  binding  to  MMP-2  significantly  reduced 
the  affinity  of  both  small  molecular  weight  synthetic  inhibitors  (ilomastat  and  olcoyl-/V- 
hydroxylamide)  and  the  large  molecular  weight  tissue  inhibitor  of  metalloproteinase-2 
(TIMP2)  (12).  The  current  study  was  undertaken  to  determine  sequences  in  both  BSP  and 
MMP-2  involved  in  the  binding  and  modulation  of  MMP  activity. 

MATERIALS  AND  METHODS 

Reagents 

ProMMP-2  and  active  human  MMP-2  were  obtained  from  Oncogene  Research  Products 
(Boston,  MA)  and  Research  Diagnostic  Systems,  Inc.  (Minneapolis,  MN).  Recombinant 
human  MMP-2  lacking  the  hemopexin  domain  was  purchased  from  Biomol  Research 
Laboratories,  Inc.  (Plymouth  Meeting,  PA).  Small  molecular  weight  MMP-2  substrate  Ac- 
PLG-[2-mercapto-4-methylpentanoyl]-LG-OC2H5  and  5,5'-dithiobis(2-nitrobenzoic  acid) 
(DTNB)  were  obtained  from  Calbiochem  (La  Jolla,  CA).  TIMP2  was  a  generous  gift  of  Dr.  H. 
Birkedal-Hansen,  NIDCR,  N1H.  Human  serum-adsorbed  goat  anti-rabbit  IgG  conjugated  to 
horseradish  peroxidase  (HRP)  was  obtained  from  Kirkegaard  and  Perry  (Gaithersburg,  MD). 
Recombinant  human  BSP  that  included  posttranslational  modifications  was  made  using  an 
adenovirus  construct  and  eukaryotic  cells  and  purified  (>95%  purity  as  defined  by  acrylamide 
gel  electrophoresis)  as  previously  described  (13).  The  synthesized  and  purified  polypeptide 
VFKYRPRYYLYKHAYFYPHLKRFPVQ,  corresponding  to  exon  4  of  BSP,  was  obtained 
from  the  Center  for  Biologies  Evaluation  and  Research,  Food  and  Drug  Administration. 

Recombinant  BSP-SIBLING  Chimera/Mutants  in  Replication-  Deficient  AdenoVirus 

Constructs 

BSP  chimera  were  made  by  separately  amplifying  the  cDNA  encoding  the  amino  terminus 
(exons  2-5)  of  human  BSP,  human  OPN,  or  bovine  DMP1  and  selectively  combining  them  to 
PCR  products  containing  the  remaining  coding  sequences  for  each  SIBLING  (Figure  1).  The 
5'  PCR  products’  sense  strand  oligos  also  incorporated  an  Asp718  restriction  site  5'  to  the 
Kozak/start  Met  sequences.  The  antisense  strand  oligos  for  the  5'  PCR  constructs  at  the  end  of 
exon  5  included  blunt  end-producing  restriction  sites  (BsrBl  for  BSP  and  OPN  and  /AY II  for 
DMP1).  The  sense  strand  oligos  for  the  carboxyterminal-  encoding  3'  PCR  products  all 
incorporated  blunt  end-producing  restriction  sites  (Seal  for  B  SP  and  OPN  and  Fspl  for  DMP 1 ) 
for  ligation  to  the  5'  PCR  products,  and  all  contained  Bamlil  restriction  sites  3'  to  their  stop 
codons.  All  PCR  reactions  were  done  with  high  fidelity  enzyme  (Turbo  Pfu;  Stratagene).  All 
base  changes  required  to  introduce  the  blunt  cutter  sites  always  maintained  the  same  amino 
acid  (e.g.,  Leu  ->  Leu).  The  two  PCR  fragments  for  each  SIBLING  were  first  treated  with 
alkaline  phosphatase  (to  make  the  ends  unable  to  ligate),  purified,  and  then  digested  with  their 
respective  blunt-cutting  restriction  enzymes  to  create  new,  ligation-competent  blunt  ends.  The 
5'  PCR  product  of  BSP  was  ligated  with  the  3'  PCR  product  of  OPN  (denoted  BSP/OPN)  or 
DMP1  (BSP/DMP1).  Similarly,  the  3'  PCR  product  of  BSP  was  ligated  to  the  5'  end  of  OPN 
(OPN/BSP)  or  DMP1  (DMP  1/BSP).  The  ligation  product  was  subjected  to  PCR  using  the 
appropriate  5'-most  (containing  the  Asp718  site)  and  3 '-most  (containing  theSamHI  site)  oligo 
for  each  chimera.  Bands  of  the  correct  size  were  gel  purified,  digested  with  Asp718  and 
BamHl,  ligated  into  Asp7 1 8/RawHI-digested  vector  (within  the  multipurpose  cloning  site 
between  the  CMV  promoter  and  the  SV40  poly  A/message  stabilization  3'  flanking  mRNA 
domain  of  the  pACCMV.pLpA  adenovirus  shuttle  plasmid),  and  transformed  into  competent 
E.  coli  cells.  Successful  plasmids  were  sequenced  and  used  in  a  standard  recombination 
protocol  to  make  adenovirus  particles  in  HEK293  cells.  Chimeric  proteins  were  purified  from 
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the  serum-free  media  of  the  adenovirus-infected  human  marrow  stromal  fibroblast  using 
standard  ion-exchange  chromatography  procedures  previously  described  for  individual 
SIBLING  proteins  (10). 

The  BSP  construct  lacking  exon  4  (BSPAx4)  was  made  using  the  Stratagene  in  situ  mutagenesis 
kit  and  complementary  oligonucleotides  whose  5'  end  encoded  bases  from  the  end  of  exon  3 
and  whose  3 '  end  encoded  the  beginning  bases  of  exon  5  as  per  the  manufacturer’ s  instructions. 
Limited  PCR  amplification  of  the  BSP  insert  in  pBluescript  was  performed,  and  the  original 
template  plasmids  were  destroyed  by  Dpnl.  After  transformation,  single  Escherichia  coli 
colonies  on  ampicillin  plates  were  selected  and  grown  in  LB-amp  media,  the  plasmid  was 
purified,  and  the  loss  of  exon  4  sequences  in  the  SIBLING  sequence  was  verified  by  DNA 
sequencing.  The  modified  SIBLING  insert  was  shuttled  into  the  adenovirus  plasmid,  and  the 
virus  was  prepared,  with  the  protein  made  and  purified  as  previously  described  (10). 

Fluorescent  Binding  Studies 

Intrinsic  tryptophan  fluorescence  binding  studies  of  wild-type  and  as  well  as  the  noted  chimeric 
BSP  constructs  with  both  proMMP-2  and  active  MMP-2,  and  hemopexin-deleted  MMP-2 
mutant,  were  carried  out  as  previously  described  (11).  BSP  contains  no  tryptophan  groups 
while  the  chimeric  BSP  constructs  (BSP/OPN,  BSP/DMP1,  OPN/BSP,  and  DMP1/BSP)  have 
1  tryptophan,  MMP-2  contains  15  tryptophan  residues,  and  hemopexin-deleted  MMP-s 
contains  8  tryptophan  residues.  Briefly,  the  relative  change  in  fluorescence  in  the  area  under 
the  emission  curve  (300  to  500  at  295  nm  excitation)  was  used  to  determine  fractional  acceptor 
saturation  (/a)  as  a  function  of  nanomolar  BSP  added  by  calculating/a  =  (v  -jq)/(yb  ~>’r),  where 
jf  and  Vb  are  the  area  under  the  curve  of  the  fluorescent  emission  profile  of  free  and  fully  bound 
MMP-2. 

Solid-Phase  Binding  Assays 

The  binding  of  BSP  to  immobilized  proMMP-2,  active  MMP-2,  or  hemopexin-deleted  MMP-2 
was  measured  by  an  indirect  sandwich  assay.  Plates  were  coated  with  the  different  forms  of 
MMP-2  by  adding  0. 1  mL  of  3.5  nM  recombinant  purified  MMP-2  in  50  mM  NaHC03,  pH 
9.0,  to  each  well  of  a  Greiner  High-  Binding  96-well  microtiter  plate  and  incubated  overnight 
at  4  °C.  The  plates  were  blocked  with  5%  (w/v)  nonfat  dry  milk  in  Tris-buffered  saline  (TBS) 
containing  50  mM  Tris,  pH  7.4,  and  150  mM  NaCl  for  60  min  and  then  rinsed  three  times  with 
TBS  containing  0.05%  Tween  20.  BSP  was  added  in  nanomolar  equivalents  in  TBS-Tween 
and  incubated  for  120  min  at  room  temperature.  After  a  second  round  of  three  washes,  bound 
ligand  was  quantified  by  the  addition  of  a  1:50000  dilution  of  specific  rabbit  anti-BSP  antibody, 
LF100  (14),  followed  by  a  60  min  incubation.  Afterthree  washes,  secondary  antibody  (1:2000 
goat  anti-rabbit  HRP -conjugated  antibody)  was  added  and  incubated  for  a  further  60  min.  Color 
was  developed  using  3,3,5,5-tetramethylbenzidene  substrate,  and  the  absorbance  at  405  nm 
was  measured.  Nonspecific  binding  was  measured  by  determining  the  ligand  binding  to  wells 
coated  with  1%  bovine  serum  albumin  during  the  overnight  coating  step,  and  these  values  were 
subtracted  from  the  corresponding  values  for  MMP-coated  wells. 

High  Molecular  Weight  Substrate  Studies 

Fluorescein-conjugated  gelatin  (Molecular  Probes,  Inc.,  Eugene,  OR)  substrate  was  used  to 
follow  gelatinase  activity  as  previously  described  (1 1).  This  substrate  is  highly  substituted  with 
fluorescein  moieties  such  that  the  fluorescent  signal  is  self-quenched  until  proteolytic  cleavage 
liberates  fragments  and  a  robust  fluorescent  emission  is  measured.  For  studies  of  proMMP-2 
activation,  5  «g/mL  large  fluorescein-conjugated  substrate  was  incubated  with  10  nM 
proMMP-2  ±  10  nM  BSP  (or  BSP  chimera).  For  inhibition  studies,  typical  reaction  mixtures 
consisted  of  the  1 0  «g/mL  fluorescein-substrate  conjugate  with  1 .4  nM  mutant  hemopexin-free 
MMP-2  reacted  with  either  10  nM  TIMP2,  10  nM  TIMP2  +  10  nM  BSP  (or  BSP  chimera),  or 
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buffer  alone  (50  mM  Tris,  pH  7.6,  150  mM  NaCl,  5  mM  CaCH).  Relative  velocity  plots  were 
determined  by  titrating  the  substrate  concentration  from  0.025  to  15  «g/mL  and  determining 
the  change  in  fluorescence  over  the  first  hour  of  reaction.  Inhibitor  titrations  were  carried  out 
by  titrating  TIMP2  concentration  from  1.6  to  1600  nM.  Fluorescent  data  were  acquired  on  a 
Perkin-Elmer  Victor  2  multilabel  plate  reader  with  excitation  at  485  nm  and  emission  at  535 
nm.  Reactions  were  run  in  duplicate  in  fluornunc  microtiter  plates. 

Low  Molecular  Weight  Substrate  Studies 

The  activities  of  mutant  hemopexin-free  MMP-2  in  the  presence  and  absence  of  inhibitor 
(TIMP2)  and  BSP  were  measured  using  a  small  molecular  weight  thiopeptide  substrate  (Ac- 
PLG-  [2-mercapto-4-methylpentanoyl]-LG-OC2H5).  Substrate  was  incubated  in  assay  buffer 
(50  mM  HEPES,  10  mM  CaCl2,  0.05%  Brij-35,  1  mM  DTNB,  pH  7.5)  with  10  nM  mutant 
MMP-2  +  different  concentrations  of  inhibitor  or  MMP2  +  inhibitor  +  BSP  added 
simultaneously.  Data  from  the  first  6  min  were  used  to  calculate  initial  velocity  (pmol/s)  values. 
Substrate  cleavage  was  monitored  using  a  Perkin-Elmer  Victor  2  multilabel  plate  reader,  and 
absorbance  was  measured  at  412  nm. 


RESULTS 

Cysteine  Switch  Activation 

MMPs  are  normally  activated  through  disruption  of  a  propeptide  cysteine  interaction  with 
Zn2+  within  the  catalytic  site.  When  recombinant  human  (latent)  proMMP-2  alone  is  incubated 
with  a  large  fluorescein-conjugated  substrate,  little  enzyme  activity  is  seen  over  a  4  h  period, 
presumably  because  the  propeptide  is  occupying  the  active  site  (Figure  2A).  When  recombinant 
human  BSP  was  added  to  proMMP-2  and  then  incubated  with  substrate,  significantly  increased 
enzyme  activity  was  observed,  while  the  incubation  of  BSP  alone  with  substrate  led  to  no 
increase  in  fluorescence.  Varying  the  substrate  concentration  and  determining  the  relative 
velocity  of  the  enzyme  reaction  in  the  absence  and  presence  of  B  SP  revealed  that  B  SP  conferred 
enzymatic  activity  to  proMMP-2  over  a  large  range  of  substrate  concentrations  (Figure  2B).  If 
binding  of  latent  MMP-2  leads  to  catalytic  activity,  then  the  binding  should  be  associated  with 
the  breaking  of  the  propeptide-associated  zinc-cysteine  bond.  A  cysteine  trap  assay,  where  free 
cysteine  residues  react  with  DTNB  to  stoichiometrically  yield  2-nitro-5-thiobenzoic  acid  as  a 
measure  of  free  cysteine  residues  (15),  was  performed.  BSP  does  not  contain  any  cysteine. 
ProMMP-2  alone  exhibited  basal  reactive  cysteines.  When  BSP  was  added  to  proMMP-2, 
however,  the  amount  of  accessible  cysteine  increased  (Figure  1C).  This  was  consistent  with 
zinc -binding  cysteine  residues  becoming  fully  exposed  and  quantitatively  labeled.  MMP-2  has 
14  cysteine  residues  in  the  mature  active  protein  that  are  believed  to  be  disulfide  bonded,  while 
the  remaining  3  cysteines  are  present  in  the  propeptide  domain. 

BSP’s  MMP-2  Binding  and  Activation  Sequences 

In  order  to  determine  the  sequences  in  BSP  that  are  involved  in  binding  and  modulating 
proMMP-2  activity,  chimeras  were  made  by  swapping  amino-terminal  and  carboxy-terminal 
domains  between  BSP  and  either  OPN  or  DMP1.  When  binding  was  investigated  by  intrinsic 
fluorescence  binding  studies  between  proMMP-2  and  wild-type  BSP,  the  BSP  binding  was 
saturable  with  a  K&  in  the  nanomolar  range  (Figure  3  A,B,  Table  1),  while  the  chimera  including 
only  the  first  four  coding  exons  of  BSP  (BSP/O PN  and  BSP/DMP1)  exhibited  two  log  order 
weaker  but  still  saturable  binding  curves  (Figure  3C,D).  In  contrast,  OPN/BSP  and  DMP1/BSP 
chimera  showed  no  saturable  binding  (inset,  Figure  3C).  Thus,  important  proMMP2 -binding 
sequences  lie  within  the  first  five  small  exons  of  BSP.  Exon  2  contains  the  leader  sequence 
and  the  first  two  amino  acids  of  the  mature  protein.  Exons  3  and  5  are  short  exons  containing 
casein  kinase  II-type  phosphorylation  motifs  as  their  major  conserved  sequences.  Exon  4  is  a 
well-conserved  26  amino  acid  exon  that  contains  6  tyrosines,  3  lysines,  3  arginines,  and  2 
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histidines  but  no  acidic  residues.  Unlike  the  tyrosines  found  flanking  the  RGD  motif,  the 
tyrosine  groups  in  exon  4  are  not  thought  to  be  sulfated  due  to  the  presence  of  these  positively 
charged  amino  acids  (16).  When  a  BSP  construct  lacking  exon  4  (BSPAx4)  was  measured  for 
binding  activity,  it  did  show  saturable  binding,  though  the  K(\  was  a  log  order  weaker  than  that 
of  wild-type  BSP  (Figure  3E,F). 

The  activation  of  proMMP-2  by  the  same  chimeric  constructs  was  studied  using  the  large 
molecular  weight  fluorescein-gelatin  assay.  Wild-type  BSP  added  to  proMMP-  2  resulted  in 
the  expected  significant  increase  in  enzymatic  activity  (Figure  4A).  The  BSP/OPN  and  BSP/ 
DMP1  chimera,  however,  also  conferred  enzymatic  activity  to  the  latent  MMP-2  (Figure  4B). 
In  contrast,  the  OPN/BSP  and  DMP  1/BSP  chimera  had,  at  best,  minimal  effects  on  enzymatic 
activity  compared  to  the  background  autoactivation  occurring  for  proMMP-2  alone  (Figure 
4C).  These  data  suggest  that  sequences  in  the  first  four  coding  exons  are  involved  in  BSP 
conferring  activity  to  latent  MMP-2.  In  contrast,  the  BSPAx4  protein  added  to  proMMP-2 
caused  little  change  in  basal  activity  (Figure  4D). 

To  further  investigate  the  role  of  exon  4  in  proMMP-2  activation,  the  26  amino  acid  sequence 
coded  for  by  exon  4  was  synthesized  and  purified.  The  action  of  exon  4  peptide  on  proMMP-2 
activation  by  wild-type  BSP  was  studied  using  the  large  molecular  weight  gelatin-substrate 
assay.  In  the  absence  of  any  exon  4  peptide,  full-length  BSP  conferred  activity  of  proMMP-2, 
as  exhibited  by  the  linear  increase  in  the  fluorescent  signal  (Figure  5A).  Titrating  the  levels  of 
exon  4  peptide  into  reaction  mixtures  containing  wild-type  BSP  and  proMMP-2  led  to  a 
decrease  in  the  evolution  of  the  fluorescent  signal.  The  rate  of  reaction  was  calculated  by 
determining  the  change  in  fluorescence  over  the  first  60  min  (Figure  5B).  Exon  4  peptide  at 
17  nM  (with  BSP  and  proMMP-2  at  lOnM  each)  decreased  the  reaction  rate  by  10%.  Increasing 
the  concentration  of  exon  4  peptide  up  to  1.7  /(M  decreased  the  reaction  rate  by  68%.  The 
observation  that  the  activity  of  proMMP-2  +  wild-type  BSP  was  reduced  by  the  addition  of 
exon  4  peptide  to  the  enzyme  reaction  mixture  suggests  that  this  conserved  exon  likely  plays 
a  role  in  the  activation  process. 

BSP  Binding  to  MMP-2  Does  Not  Require  the  Hemopexin  Domain 

MMP-2  possesses  a  hemopexin-like  domain  believed  to  be  involved  in  the  binding  of  many 
natural  substrates  (17).  Whether  BSP  interactions  with  MMP-2  require  the  hemopexin  domain 
was  investigated  by  studying  the  binding  characteristic  of  BSP  to  recombinant  human  MMP-2 
that  lacks  the  hemopexin  domain.  When  the  intrinsic  tryptophan  fluorescence  of  the  mutant 
MMP-2  (mMMP-2)  was  followed  during  titration  with  BSP,  quenching  of  the  signal  similar 
to  that  previously  reported  for  the  intact  MMP-2  was  observed  (Figure  6A).  BSP  binding  was 
saturable,  and  its  affinity  for  the  mMMP-2  was  actually  slightly  higher  than  that  for  intact 
MMP-2  (Figure  6B,C  and  Table  1).  The  accuracy  of  the  determinations  of  the  molarities  of 
the  three  MMP  proteins  from  the  information  originally  supplied  by  the  manufacturer  may 
contribute  to  the  apparent  minor  differences  in  calculated  binding  constants. 

An  alternative  method  to  confirm  BSP  and  mMMP-2  binding  was  also  employed.  Solid-phase 
binding  assays  confirmed  that  binding  of  BSP  to  MMP  variants  was  saturable  (Figure  6D)  and 
values  were  determined  (Table  1).  The  KL\  values  for  the  two  binding  systems  (solution 
versus  solid  phase)  were  both  found  to  be  in  the  nanomolar  range.  The  minor  difference  in 
values  may  reflect  differences  in  solid-phase  binding  confonnation,  orientation,  or  better 
accessibility  of  BSP-MMP  contact  points  in  the  solution  phase. 

BSP  Modulation  of  MMP-2  Activity  Does  Not  Require  the  Hemopexin  Domain 

The  effect  of  BSP  on  the  activity  of  the  hemopexin-free  mMMP-2  was  investigated  using  the 
gelatin-fluorescein  large  molecular  weight  substrate  assay.  The  change  in  substrate 


Biochemistry.  Author  manuscript. 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


Jain  et  al. 


Page  6 


fluorescence  caused  by  mMMP-2  alone  compared  to  a  complex  of  equimolar  mMMP-2  +  BSP 
was  not  significantly  different  (Figure  7A).  As  expected,  the  addition  of  equimolar  TIMP2  to 
mMMP-2  caused  a  significant  decrease  in  the  rate  of  fluorescence  change.  However,  addition 
of  equimolar  BSP  to  mMMP-2  +  TIMP2  complexes  restored  the  rate  of  fluorescence  change 
to  that  of  mMMP-2  alone,  showing  that  the  TIMP2  became  ineffective  in  the  presence  of  bound 
BSP  (Figure  7A).  For  complexes  of  equimolar  mMMP-2  +  TIMP2,  the  rate  of  the  reaction  was 
decreased  to  67%,  and  the  addition  of  equimolar  BSP  restored  activity  to  97%.  Titration  of 
mMMP-2  with  TIMP2  using  the  large  molecular  weight  substrate  assay  revealed  that  over  a 
100-fold  excess  of  TIMP2  was  required  to  inhibit  activity  to  20%  of  that  seen  by  mMMP-2 
alone  (Figure  7B).  Increasing  the  concentration  of  BSP  added  to  fixed  amounts  of  equimolar 
TIMP2  and  mMMP-2  increased  the  reaction  rate  in  a  dose-dependent  fashion  (Figure  7C). 

The  interaction  of  the  hemopexin-free  mMMP-2  with  TIMP2,  BSP,  and  the  fluorescein-gelatin 
substrate  may  be  reflecting  steric  effects  between  these  large  macromolecules.  Potential  steric 
effects  of  substrate,  enzyme,  inhibitor,  and  BSP  interactions  were  studied  by  using  a  low 
molecular  weight,  freely  diffusible  peptide  substrate  to  follow  enzyme  activity.  Similar  to 
results  with  the  large  molecular  weight  substrate,  the  addition  of  BSP  alone  did  not  significantly 
alter  mMMP-2  enzyme  product  evolution  (Figure  7D).  Furthermore,  TIMP2  inhibited  product 
evolution,  as  expected,  while  the  addition  of  BSP  to  mMMP-2/TIMP2  complexes  increased 
the  digestion  (Figure  7D).  Titration  of  mMMP-2  with  various  concentrations  of  TIMP2 
indicated  that,  at  10-fold  excess,  TIMP2  inhibited  mMMP-2  activity  on  the  small  molecular 
weight  substrate  to  20%,  with  equimolar  TIMP2  inhibiting  the  mMMP-2  to  34%  (Figure  7E). 
As  before,  the  addition  of  equimolar  BSP  was  able  to  restore  mMMP-2  treated  with  TIMP2  to 
85%  of  normal  activity.  Increasing  the  concentration  of  BSP  in  reaction  mixtures  of  equimolar 
TIMP2  and  mMMP-2  restored  activity  further  (Figure  7F).  These  data  suggest  that  BSP 
reactivation  of  TIMP2-  inhibited  MMP-2  does  not  require  the  hemopexin  domain  of  MMP-2. 

Restoration  of  TIMP2-lnhibited  MMP-2  Activity  Requires  both  Amino-Terminal  and  Carboxy- 

Terminal  BSP  Sequences 

The  BSP  chimeras  were  tested  for  their  ability  to  restore  activity  to  TIMP2-inhibited  wild-type 
MMP-2  and  mMMP-2  using  the  small,  freely  diffusible  substrate  assay.  The  hemopexin-free 
mMMP-2  exhibited  a  reaction  velocity  of  0. 10  ±  0.02  pmol/s  over  the  first  6  min  of  the  reaction 
(Figure  8a).  The  addition  of  10  nMTIMP2  reduced  activity  to  12  ±  5%  that  of  mMMP-2  alone, 
while  the  inclusion  of  10  nM  BSP  with  the  TIMP2  restored  activity  to  79  ±  12%  of  mMMP-2 
alone  (a  6.5-fold  increase  relative  to  mMMP-2+inhibitor).  For  mMMP-2,  addition  of  equimolar 
chimera  proteins  exhibited  various  abilities  in  restoring  TIMP2-  inhibited  activity.  The 
percentage  of  the  activity  of  mMMP-2  was  39  ±  1 1%  for  BSP/OPN  (a  3-fold  increase  relative 
to  mMMP-2  +  inhibitor),  30  ±  16%  for  BSP/DMP1  (2.5-fold  relative  to  mMMP-2  +  inhibitor), 
32  ±  12%  for  DMP1/  BSP  (2.7-fold  relative  to  mMMP-2  +  inhibitor),  and  17  ±  12%  for  OPN/ 
BSP  chimera.  When  wild-type  active  MMP-2  was  substituted  for  the  hemopexin-free  MMP-2, 
a  reaction  velocity  of  0.94  ±0.10  pmol/s  was  observed  over  the  first  6  min  of  the  reaction 
(Figure  8b).  The  addition  of  10  nM  TIMP2  reduced  activity  to  19  ±  3%  that  of  MMP-2  alone, 
while  the  inclusion  of  10  nM  BSP  with  the  TIMP2  restored  activity  to  93  ±  7%  of  MMP-2 
alone  (an  <5-fold  increase  relative  to  MMP-2  +  inhibitor).  The  chimera  exhibited  a  similar 
pattern  in  restoring  TIMP2  inhibited  activity  to  wild  type  MMP-2.  The  percentage  of  the 
activity  of  MMP-2  was  53  ±  20%  for  BSP/OPN  (2.8-fold  relative  to  MMP-2  +  inhibitor),  47 
±  13%  for  BSP/DMP1  (2.5-fold  relative  to  MMP-2  ±  inhibitor),  58  ±  12%  for  DMP1/BSP  (3- 
fold  relative  to  MMP-2  +  inhibitor),  and  19  ±  6%  for  OPN/  BSP  chimera. 

DISCUSSION 

The  MMP  gene  family  consists  of  at  least  25  members  of  zinc-containing,  calcium-dependent 
extracellular  endoproteinases  (18).  MMPs  may  be  cell  surface-associated  or  secreted  into  the 
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extracellular  space  where  they  are  involved  in  degrading  extracellular  matrix  components  as 
well  as  processing  of  non-matrix  components  such  as  cytokines,  adhesion  molecules,  and 
receptors.  MMPs  often  share  functional  domains  such  as  the  propeptide,  the  catalytic  domain 
containing  the  active  site,  a  hinge  or  linker  region,  and  a  hemopexin-like  domain.  The 
propeptide  domain  contains  a  zinc-ligating  free  thiol  group  that  contributes  to  enzyme  latency. 
This  has  been  termed  the  “cysteine  switch”  (15,19)  or  “velcro”  (20)  mechanism  and  involves 
the  cysteine  residue  in  the  propeptide  binding  to  the  catalytic  Zn 2+  of  the  enzyme.  The 
hemopexin-like  domain  is  thought  to  be  essential  for  the  binding  of  many  natural  substrates, 
contains  a  secondary  TIMP-binding  site,  and  is  involved  in  membrane  activation  and  possibly 
some  proteolytic  activities  (21-23).  MMP-2  and  other  gelatinases  contain  cysteine-rich  repeats 
within  the  catalytic  domain  that  resemble  the  collagen-  binding  type  II  repeats  of  fibronectin 
and  are  required  to  bind  and  cleave  collagen  and  elastin  (22). 

Pro-MMPs  can  be  activated  either  by  proteases  that  remove  the  propeptide  or  by  chemical 
compounds  that  disrupt  or  destabilize  the  zinc-cysteine  interaction  (24).  In  the  current  study, 
BSP  binding  to  latent  proMMP-2  leads  to  catalytic  activity  as  well  as  the  appearance  of  free 
cysteine  residues.  The  presence  of  exons  2  through  5  of  BSP  in  chimeric  constructs  with  OPN 
and  DMP1  led  to  proMMP-2  activation,  while  exons  2  through  5  of  DMP1  and  OPN  linked  to 
the  3'  exons  of  BSP  did  not  enable  proMMP-2  enzymatic  activity,  indicating  that  latent  MMP-2 
activation  was  specific  to  exons  2-5  of  BSP.  Indeed,  the  26  amino  acid  sequence  encoded  for 
by  exon  4  was  required  for  the  highest  degree  of  BSP-mediated  activity.  Exon  4  alone  did  not 
activate  the  MMP  although  it  could  act  as  a  competitive  inhibitor  and  interfere  with  proMMP-2 
activation  by  intact  wild-type  BSP.  BSP  is  generally  acidic  and  hydrophilic  in  nature  (p/of  3.9 
(25)),  but  exon  4  encodes  the  protein’s  only  positively  charged  domain  of  significant  size,  being 
comprised  of  1/3  positively  charged  amino  acids  (Arg,  His,  and  Lys,  p  1=  10.1).  Exon  4  also 
contains  1/4  of  BSP’s  tyrosine  residues,  none  of  which  are  thought  to  be  sulfated. 

Like  osteopontin,  purified  BSP  protein  subjected  to  standard  one-dimensional  proton  NMR 
revealed  a  lack  of  ordered  structures  over  the  NMR  time  scale,  indicating  that  the  protein  was 
extended  and  flexible  in  solution  (26).  Protein  flexibility  and  lack  of  ordered  structure  are 
shared  by  a  number  of  proteins  that  have  multiple  binding  partners  (27).  Unstructured  proteins 
have  multiple  contact  points  across  the  molecule,  and  structure  is  conferred  through  their 
binding  interactions.  In  addition  to  MMP-2,  BSP  binding  partners  include  hydroxyapatite 
(25),  collagen  (28),  complement  factor  H  (8),  and  avP3  integrin  (29).  Thus,  in  addition  to 
potential  structural,  mineralization-related,  and  receptor-mediated  signaling  roles  for  the  BSP 
in  the  extracellular  matrix,  BSP  may  regulate  matrix  turnover  based  on  its  modification  of 
TIMP2  inhibition  of  MMP-2  activation. 

We  have  shown  previously  that  BSP  can  bind  to  both  proMMP-2  and  active  MMP-2  (11).  The 
current  solution  and  solid-phase  binding  studies  confirm  that  the  proMMP-2  and  active  MMP-2 
as  well  as  hemopexin-deleted  forms  of  MMP-2  have  K ^  values  in  the  biologically  significant 
nanomolar  range.  Binding  of  BSP  to  recombinant  human  MMP-2  that  lacked  the  hemopexin 
domain  yielded  K j  values  similar  to  those  for  proMMP-2  and  active  MMP-2,  suggesting  that 
the  hemopexin  domain  does  not  contribute  significantly  to  the  binding  interaction.  While  the 
chimera  with  the  amino-terminal  portion  of  BSP  (BSP/OPN  and  BSP/DMP1)  exhibited 
saturable  binding  to  proMMP-2,  the  K(\  values  were  20-fold  weaker  than  that  of  wild-type  BSP. 
In  contrast,  chimera  retaining  the  carboxy-terminal  portion  of  the  BSP  protein  (78%  of  the  total 
BSP  sequence,  with  the  amino-terminal  sequences  replaced  with  either  OPN  or  DMP1  exons 
2-5)  showed  much  weaker  and  non-saturable  binding  to  proMMP-2.  BSP  protein  with  exon  4 
deleted  had  a  K&  value  that  was  6-fold  weaker  than  full-length  BSP.  However,  both  the  chimera 
lacking  the  amino-terminal  portion  of  BSP  and  the  BSP  construct  lacking  exon  4  were 
extremely  ineffective  at  activating  proMMP-2.  This  suggests  that  while  the  amino-terminal 
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regions,  especially  exon  4,  are  essential  in  BSP-mediated  proMMP-2  activation,  more  carboxy- 
terminal  domains  of  BSP  also  contribute  to  the  overall  binding  interaction. 

TIMP2  has  binding  sites  in  both  the  hemopexin  and  catalytic  domains  (30).  The  ability  of  BSP 
to  bind  to  and  restore  activity  to  TIMP2-inhibited  mMMP-2  that  lacked  a  hemopexin  domain 
indicates  that  BSP  interactions  with  the  hemopexin  domain  are  not  required  for  BSP-dependent 
modulation  of  TIMP2  inhibition.  Similar  restoration  of  activity  was  measurable  with  both  the 
large  natural  substrate  (gelatin)  and  small,  freely  diffusible  substrate.  Thus,  the  changes  in 
TIMP2  inhibition  of  mMMP-2  induced  by  BSP  are  not  steric  effects  of  exclusion  of  TIMP2 
by  the  large  macromolecular  gelatin-MMP-2-BSP  complex.  The  inability  of  chimera  to  restore 
full  activity  to  TIMP2-inhibited  wild  type  and  mutant  MMP-2  is  consistent  with  distinct  amino- 
and  carboxy-terminal  domains  of  BSP  contributing  to  the  enzyme  reactivation. 

In  summary,  these  structure-function  studies  reveal  for  the  first  time  that  amino-terminal 
portions  of  BSP,  particularly  exon  4,  are  required  for  MMP-2  propeptide  displacement  and 
enzyme  activation.  On  the  other  hand,  domains  spanning  the  entire  BSP  sequence  contributed 
to  binding  affinity  and  reactivation  of  TIMP2-inhibited  MMP-2.  Finally,  the  hemopexin-like 
domain  of  MMP-2  is  not  required  for  BSP-mediated  enzyme  modulation.  These  observations 
are  consistent  with  the  model  of  BSP  as  a  flexible,  intrinsically  unstructured  protein  that  utilizes 
distinct  regions  or  overlapping  interaction  surfaces  for  more  than  one  function. 
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FIGURE  1. 

Wild-type,  chimeric,  and  exon  4-deleted  BSP  recombinant  protein  constructs.  (A)  The  relative 
protein  domain  sizes  encoded  by  the  corresponding  exons  are  depicted  for  BSP,  DMP1,  and 
OPN.  The  first  exon  is  noncoding  and  not  depicted.  The  second  exon  contains  the  start  codon, 
the  hydrophobic  signal  peptide,  and  the  first  two  amino  acids  of  the  mature  protein.  Exons  3 
and  5  contain  consensus  sequences  for  serine  phosphorylation.  (B)  SIBLING  chimera  were 
constructed  whereby  amino-terminal  portions  of  one  protein  were  ligated  to  carboxy-terminal 
sequences  of  another.  Exons  2  to  5  of  BSP  were  linked  to  exon  6  of  DMP  1  (BSP/DMP  1)  or 
exons  6  and  7  of  OPN  (BSP/OPN).  Exons  6  to  7  of  BSP  were  also  linked  to  exons  2  to  5  of 
DMP1  (DMP1/BSP)  or  OPN  (BSP/OPN).  An  additional  BSP  species  was  made  by  deleting 
exon  4  (BSPAx4).  The  relative  location  of  the  integrin-binding  tripeptide,  Arg-Gly-Asp 
(RGD),  is  noted  for  each  protein  and  mutant/chimera. 
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FIGURE  2. 

BSP  binding  to  proMMP-2  confers  enzymatic  activity  and  exposes  the  free  cysteine  residue. 
(A)  The  large  fluorescein-gelatin  substrate  was  incubated  with  pro-MMP-2  (closed  circle), 
proMMP-2  +  BSP  (open  circle),  or  BSP  alone  (plus).  (B)  Substrate  velocity  plots  were 
generated  by  varying  substrate  concentration  with  fixed  proMMP-2  levels  in  the  presence  (open 
circle)  and  absence  (closed  circle)  of  BSP.  (C)  ProMMP-2  at  14  nM  final  concentration  was 
incubated  ±  14  nM  BSP  in  the  presence  of  180  juM  DTNB  in  reaction  buffer  (0.1  M  sodium 
phosphate,  pH  8.0).  The  reactions  were  incubated  for  15  min  at  room  temperature,  and 
absorbance  was  measured  at  412  nM.  A  standard  curve  (inset)  of  absorbance  versus  nM 
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cysteine  was  made  by  incubating  noted  concentrations  of  free  cysteine  under  the  same  reaction 
conditions.  Errors  bars  represent  standard  deviation  values  based  on  triplicate  analyses. 
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FIGURE  3. 

Determination  of  BSP  domains  required  for  binding  to  proMMP-2.  Binding  isotherms  between 
proMMP-2  and  different  forms  of  BSP  (A,  C,  E)  were  determined  using  intrinsic  tryptophan 
fluorescence  binding  assays  as  described  in  Materials  and  Methods.  The  corresponding 
Scatchard  plots  for  proMMP-2  and  the  different  forms  of  BSP  were  calculated  (B,  D,  F).  The 
forms  of  BSP  studied  included  (A,  B)  wild-type  BSP  (open  circle),  (C,  D)  BSP/OPN  (closed 
diamond)  or  BSP/  DMP1  chimera  (open  diamond),  OPN/BSP  (inverted  closed  triangle)  or 
DMP1/BSP  chimera  (inverted  open  triangle),  and  (E,  F)  BSP  exon  4  deletion  (BSPAx4,  closed 
circle).  The  inset  figure  in  panel  C  depicts  the  binding  isotherm  for  the  OPN/BSP  and  DMP1/ 
BSP  chimera  where  no  saturation  was  observed  and  a  corresponding  Scatchard  analysis  could 
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not  be  performed.  The  values  plotted  represent  the  average  of  two  separate  experiments  for 
each  condition  run  in  duplicate. 
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FIGURE  4. 

Determination  of  BSP  domains  required  for  activation  ofproMMP-2.  Changes  in  enzymatic 
activity  forproMMP-2  treated  with  different  forms  of  BSP  were  followed  using  the  fluorescein- 
labeled  gelatin  substrate  and  proMMP-2  incubated  with  vehicle  or  BSP  or  noted  constructs. 
The  conditions  employed  were  (A)  vehicle  (closed  square)  or  BSP  (open  circle),  (B)  BSP/OPN 
(closed  diamond)  or  BSP/DMP1  chimera  (open  diamond),  (C)  OPN/BSP  (inverted  closed 
triangle)  or  DMP1/BSP  chimera  (inverted  open  triangle),  and  (D)  BSPAx4  (closed  circle).  Note 
that  the  exons  2  to  5  and  particularly  exon  4  are  required  for  inducing  activity  in  proMMP-2. 
Enzyme  activity  assays  were  performed  in  triplicate. 
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FIGURE  5. 

BSP  exon  4  peptide  reduces  intact  BSP  activation  of  proMMP-2.  (A)  Synthetic  exon  4  peptide 
was  added  at  noted  concentrations  to  a  mix  of  10  nM  wild-type  intact  BSP  and  10  nM 
proMMP-2,  and  the  changes  in  enzymatic  activity  were  followed  using  the  fluorescein-labeled 
gelatin  substrate.  The  concentrations  of  exon  4  peptide  were  0  (open  circle),  or  17.5  nM  (open 
diamond),  35  nM  (open  triangle),  175  nM  (open  square),  350  nM  (inverted  open  triangle),  and 
1750  nM  (+).  (B)  The  relative  velocity  of  the  reactions  was  determined  as  the  change  in 
fluorescence  over  the  first  60  min.  Enzyme  activity  assays  were  performed  in  triplicate,  and 
error  bars  represent  standard  deviations  for  combined  experiments. 
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FIGURE  6. 

BSP  binding  to  MMP-2  does  not  require  the  hemopexin  domain.  (A)  Binding  interactions 
between  mutant  MMP-2  lacking  the  hemopexin  domain  (mMMP-2)  and  BSP  were  followed 
by  intrinsic  tryptophan  fluorescence  of  the  mMMP-2  protein.  One  nanomolar  mMMP-2  was 
reacted  with  increasing  concentration  of  BSP.  Intrinsic  tryptophan  fluorescence  was  monitored 
by  excitation  at  295  nm  and  recording  emission  from  300  to  500  nm.  Binding  saturation  was 
followed  by  monitoring  the  change  in  the  area  under  the  emission  peak  curve  (inset).  (B,  C) 
The  area  under  the  emission  peak  curve  was  used  to  determine  a  binding  curve  by  calculating 
fractional  acceptor  saturation  versus  nM  BSP  added  and  the  corresponding  Scatchard  plot.  (D) 
The  binding  interaction  between  BSP  and  proMMP-2  (closed  circle),  active  MMP-2  (open 
circle),  and  mMMP-2  (open  square)  was  investigated  by  solid-phase  binding  assays.  (E) 
Scatchard  plots  derived  from  solid-phase  binding  assays  of  BSP  and  proMMP-2,  active 
MMP-2,  and  mMMP-2  were  determined.  For  both  solution  and  solid-phase  binding  assays, 
the  values  plotted  represent  the  average  of  two  separate  experiments  for  each  condition  run  in 
duplicate. 
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FIGURE  7. 

BSP  binding  to  hemopexin-deleted  MMP-2  keeps  TIMP2  from  inhibiting  the  protease  activity. 
(A)  The  effect  of  BSP  on  the  activity  of  the  mMMP-2  was  profiled  using  the  fluorescein-labeled 
large  molecular  weight  (gelatin)  substrate  assay.  Reaction  conditions  included  mutant  MMP-2 
(open  square),  mutant  MMP-2  +  BSP  (open  circle),  mutant  MMP-2  +  TIMP2  (closed  square), 
and  mutant  MMP-2  +  TIMP2  +BSP  (closed  triangle).  (B)  The  effect  of  varying  conditions  on 
the  relative  velocity  of  the  mutant  enzyme  was  analyzed  by  linear  regression  analysis  over  the 
first  hour  and  the  slope  determined.  (C)  The  effect  of  BSP  on  TIMP2’s  inhibition  of  mMMP-2 
was  further  studied  by  titrating  a  reaction  mixture  of  equimolar  mMMP-2  +  TIMP2  with 
increasing  concentrations  of  BSP.  (D)  The  action  of  BSP  on  mMMP-2  activity  using  the  small 
substrate  Ac-PLG-[2-mercapto-4-methylpentanoyl]-LG-OC2H5  was  determined  by  following 
picomoles  of  product  evolution  over  time.  (E)  TIMP2  inhibition  curves  and  (F)  BSP  dose 
response  of  mMMP-2  recovery  from  inhibition  by  TIMP2  were  determined.  For  substrate 
titrations  and  TIMP2  dose  response,  three  separate  experiments  were  combined,  and  values 
plotted  present  the  slope  of  the  reaction  over  the  first  6  min  with  error  bars  representing  the 
standard  deviation. 
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BSP  and  MMP-2  binding  constants. 


TABLE  1 


Ligand 

receptor 

Kd  (nM) 

BSP 

mMMP-27 

1.40  ±0.34  (1.54  ±0.24)“ 

BSP 

active  MMP-2 

0.32  ±0.02  (0.58  ±0.06) 

BSP 

proMMP-2 

3.9  ±0.9  (5.4  ±0.5) 

BSP/OPN 

proMMP-2 

108  ±  21 

BSP/DMP1 

proMMP-2 

91  ±  13 

BSPAx4 

proMMP-2 

25  ±8 

Mutant  MMP-2  lacking  the  hemopexin  domain. 


Values  in  parenthesis  are  from  solid  phase  binding  assays. 
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N-linked  glycoproteins  (SIBLINGS): 
multifunctional  proteins  in  cancer 


Integrin 

Integrins  are  a  large  family  of 
heterodimeric  cell  surface 
adhesion  receptors  that  bind 
extracellular  matrix  and  cell 
surface  ligands.  They  promote 
stable  interactions  between 
cells  and  their  environment  and 
mediate  intracellular  signalling. 
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Abstract  |  Numerous  components  and  pathways  are  involved  in  the  complex  interplay 
between  cancer  cells  and  their  environment.  The  family  of  glycophosphoproteins  comprising 
osteopontin,  bone  sialoprotein,  dentin  matrix  protein  1,  dentin  sialophosphoprotein  and 
matrix  extracellular  phosphoglycoprotein  —  small  integrin-binding  ligand  N-linked 
glycoproteins  (SIBLINGs)  —  are  emerging  as  important  players  in  many  stages  of  cancer 
progression.  From  their  detection  in  various  human  cancers  to  the  demonstration  of  their  key 
functional  roles  during  malignant  transformation,  invasion  and  metastasis,  the  SIBLINGs  are 
proteins  with  potential  as  diagnostic  and  prognostic  tools,  as  well  as  new  therapeutic  targets. 


The  progression  of  malignant  cells  requires  complex 
interactions  with  the  host  tissues.  Tumour  survival  and 
metastasis  necessitate  overcoming  immune  surveil¬ 
lance,  extracellular  matrix  barriers  and  limiting  nutri¬ 
ents.  Effectively  stopping  cancer  progression  appears  to 
require  the  use  of  a  panel  of  therapeutic  modalities  able 
to  interfere  with  the  multiple  stages  of  cancer  cell  inva¬ 
sion  and  dissemination.  An  alternative  to  targeting  spe¬ 
cific  stages  in  progression  (for  example,  angiogenesis  and 
metastasis)  would  be  to  target  select  molecules  that  have 
key  roles  in  multiple  stages  of  cancer  development. 

Small  integrin-binding  ligand  N-linked  glyco¬ 
proteins  (SIBLINGs1),  a  family  of  five  integrin-binding 
glycophosphoproteins  comprising  osteopontin  (OPN), 
bone  sialoprotein  (BSP),  dentin  matrix  protein  1 
(DMP1),  dentin  sialophosphoprotein  (DSPP)  and 
matrix  extracellular  phosphoglycoprotein  (MEPE), 
are  an  emerging  group  of  molecular  tools  that  cancer 
cells  use  to  facilitate  their  expansion.  SIBLINGs  are 
soluble,  secreted  proteins  that  can  act  as  modulators  of 
cell  adhesion  as  well  as  autocrine  and  paracrine  factors 
by  their  interaction  with  cell  surface  receptors  such  as 
integrins.  OPN  is  the  only  SIBLING  for  which  there 
is  unequivocal  evidence  of  its  role  in  many  steps  of 
cancer  development  and  progression,  but  accumulat¬ 
ing  data  also  implicate  other  family  members,  notably 
BSP  and  DSPP2-6.  The  involvement  of  SIBLINGS  in 
many  of  the  crucial  steps  for  malignant  progression 
makes  them  potentially  valuable  candidates  for  effec¬ 
tive  anticancer  therapies.  In  this  Review,  we  describe 


the  major  characteristics  of  SIBLINGS,  including  their 
proposed  roles  in  normal  tissue  and  the  major  activi¬ 
ties  they  display  during  malignant  progression.  Finally, 
we  discuss  their  potential  as  therapeutic  targets  and 
prognostic  markers. 

Discovery  and  characteristics  of  SIBLINGS 

SIBLINGs  are  currently  a  family  of  five  identically 
orientated  tandem  genes  within  a  375,000  bp  region 
on  chromosome  4  (FIG.  1  a).  The  genes  (DMP1,  DSPP, 
integrin-binding  sialoprotein  ( IBSP,  which  encodes 
BSP),  MEPE  and  secreted  phosphoprotein  1  (SPP1, 
which  encodes  OPN))  are  probably  a  result  of  an  early 
gene  duplication  and  divergence1.  The  term  SIBLING 
refers  to  the  gene  family’s  unifying  genetic  and  bio¬ 
chemical  characteristics  in  general,  not  to  functional 
activity.  SIBLINGs  are  defined  as  small,  soluble  RGD 
motif  containing,  integrin-binding  ligands  to  distinguish 
them  from  large  extracellular  matrix  proteins  such  as 
fibronectin  (FN1),  collagen  and  thrombospondin 
(THBS1).  Comparison  of  any  one  SIBLING  to  itself  at 
the  amino  acid  sequence  level  throughout  evolution 
(predominantly  in  birds  and  mammals)  shows  that  they 
are  poorly  conserved.  Each  SIBLING  member  appears 
to  be  able  to  drift  substantially  as  long  as  it  remains 
hydrophilic  and  flexible,  and  retains  a  number  of  motifs 
and  member-related  short  amino  acid  sequences.  For 
example,  using  standard  sequence  comparison  basic 
local  alignment  search  tool  (BLAST)  programs7,  human 
and  mouse  OPN  are  identical  at  only  63%  of  the  amino 
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At  a  glance 

•  Small  integrin-binding  ligand  N-linked  glycoproteins  (SIBLINGS)  are  a  family  of 
glycophosphoproteins  comprising  osteopontin  (OPN),  bone  sialoprotein  (BSP), 
dentin  matrix  protein  1  (DMP1),  dentin  sialophosphoprotein  (DSPP)  and  matrix 
extracellular  phosphoglycoprotein  (MEPE). 

•  The  genes  encoding  the  SIBLINGS  are  located  within  a  cluster  on  chromosome  4 
and  encode  soluble,  hydrophilic  proteins  sharing  common  functional  motifs  and 
domains,  including  an  Arg-Gly-Asp  (RGD)  motif  that  binds  avP3  integrin. 

•  SIBLINGS  were  initially  described  as  mineralized  tissue-associated  glycophospho¬ 
proteins  and  were  thought  to  be  functionally  restricted  to  these  tissues.  Recent 
results  show  that  they  are  more  widely  distributed  and  are  expressed  in  non- 
mineralized  normal  tissue,  such  as  metabolically  active  ductal  epithelial  cells. 

•  Some  SIBLINGS  activate  specific  metalloproteinases  (MMPs;  BSP  activates  MMP2, 
OPN,  MMP3  and  DMP1,  MMP9).  These  three  SIBLINGS  also  bind  complement 
factor  H  and  prevent  complement  attack. 

•  SIBLINGS  are  overexpressed  in  many  cancers.  OPN  and,  less  so,  BSP  are  by  far  the 
more  widely  studied  to  date  and  their  levels  of  expression  are  correlated  with 
tumour  aggressiveness.  SIBLINGS  can  be  detected  in  the  blood  and  their  level  of 
expression  is  associated  with  prognosis. 

•  Among  SIBLINGS,  OPN  is  involved  in  almost  all  steps  of  tumour  progression, 
including  invasion,  metastasis  and  angiogenesis. 

•  In  vitro  and  in  vivo  experimental  models  demonstrated  that  interference  with 
SIBLINGS,  such  as  small  interfering  RNA  selective  knockdown,  has  potential 
anticancer  therapeutic  value. 

•  Identifying  the  specific  roles  of  SIBLINGS  in  cancer-stroma  interactions  and 
signalling  cascades  involving  growth  factor-growth  factor  receptor  and  cell-matrix 
interactions  could  result  in  the  development  of  additional  and  refined  strategies  for 
the  prevention  and  treatment  of  metastases. 


Dentin 

The  main,  calcareous  part  of  a 
tooth,  beneath  the  enamel  and 
surrounding  the  pulp  chamber 
and  root  canals. 

RGD  motif 

A  tripeptide,  Arg-Gly-Asp 
(RGD),  found  in  numerous 
proteins  that  support  cell 
adhesion,  A  subset  of  the 
integrins  recognize  the  RGD 
motif  within  their  ligands,  the 
binding  of  which  mediates  both 
cell-substratum  and  cell-cell 
interactions. 

Hydroxyapatite  crystals 
The  principal  inorganic 
constituent  of  bone  matrix  and 
teeth,  imparting  rigidity  to 
these  structures,  and 
consisting  of  hydrated  calcium 
phosphate,  Ca5(POJ3OH. 

Metabolically  active  normal 
duct 

Epithelia,  such  as  that  of  the 
kidney  nephrons,  that  alter  the 
tonicity  of  the  fluid  they  process 
in  the  course  of  normal 
physiology.  The  kidney  nephrons 
process  isotonic  urine  into  the 
voided  hypotonic  urine. 


acid  positions  and  the  comparison  with  chicken  drops 
to  30%  identity,  although  all  retain,  for  example,  at  least 
one  RGD  and  N-linked  oligosaccharide  motif  each. 
Therefore,  the  SIBLING  family  was  defined  structurally 
by  the  conserved  motifs  within  their  exons,  including  an 
abundance  of  acidic  amino  acids,  the  RGD  motif,  simi¬ 
lar  post-translational  modification  motifs  (for  example, 
casein  kinase  phosphorylation  and  various  glycosylation 
events)  and  more  recently  the  recognition  that  at  least  one 
site  of  controlled  proteolysis  appears  to  be  important  in 
all  members  (FIG.  1  b).  The  SIBLINGS  that  have  had  their 
three-dimensional  structure  solved  by  NMR  analysis  (BSP 
and  OPN)  are  extended  and  flexible  in  solution,  a  prop¬ 
erty  shared  by  a  number  of  proteins  that  have  multiple 
binding  partners  and  that  are  involved  in  bridging  macro- 
molecular  components  (for  example,  certain  ribosomal 
proteins).  Consistent  with  that  observation,  SIBLINGS  can 
bind  to  a  number  of  different  protein  families,  including 
integrins  (through  both  RGD  and  non-RGD  motifs)  and 
other  cell-surface  proteins,  members  of  the  matrix  metallo¬ 
proteinase  (MMP)  family  and  complement  factor  H 
(CFH).  These  interactions  enable  cell  surface  localization 
and  sequestration  of  MMPs  and  CFH  by  at  least  OPN, 
BSP  and  DMP1,  which  in  turn  enables  their  biological 
activities  (extracellular  matrix  degradation  and  evasion 
of  complement-mediated  lysis  for  example). 

Four  acidic  members  (BSP8,  DMP1  (REF.  9),  DSPP10 
and  OPN11)  were  discovered  as  abundant  proteins 
trapped  within  the  mineralized  matrices  of  bone  and 
dentin.  In  the  early  years  of  study,  each  of  these  proteins 
was  thought  to  be  both  skeletal  tissue- specific  and  to 


have  a  role  in  directly  nucleating  hydroxyapatite  crystals 
within  mesenchymal  tissues  through  their  phosphate 
groups  and/or  polyacidic  amino  acid  domains9,12.  From 
the  1990s,  various  combinations  of  SIBLING  proteins 
were  discovered  to  be  significantly  upregulated  in  a 
number  of  epithelial  tumours  that  are  known  to  fre¬ 
quently  exhibit  pathological  microcalcifications  and  to 
have  strong  propensities  to  metastasize  to  bone13.  More 
recently  it  has  been  shown  that  all  five  of  the  SIBLINGS 
are  also  expressed  in  the  epithelial  cells  of  metabolically 
active  normal  ducts  of  the  salivary  gland  and  kidney14,15, 
but  not  in  metabolically  passive  normal  ducts16.  SIBLINGS 
are  secreted  proteins  that  can  be  localized  through 
interactions  with  receptors  either  on  the  cell’s  own 
surface,  enabling  autocrine  activities,  or  by  diffusing 
short  distances  to  nearby  cells  where  they  may  function 
in  paracrine  signalling.  SIBLINGS  propagate  biological 
signals  by  initiating  integrin  signalling  and  by  binding 
and  sequestering  other  proteins  to  the  cell  surface. 

Roles  of  SIBLINGS  in  normal  tissues 

SIBLINGS  bind  to  cell  surface  integrins  and  sometimes 
CD44  in  normal  tissues  and  function  as  signal  transduc¬ 
ers  to  promote  cell  adhesion,  motility  and  survival  (FIG.  2) 
through  activating  kinase  cascades  and  transcription 
factors.  The  biological  activities  of  SIBLINGS  are  also 
modulated  by  proteolytic  processing,  which  can  reveal 
cryptic  binding  sites  and  can  remove  or  separate  func¬ 
tional  domains,  thereby  modulating  cell  adhesion  and 
migration  (FIG.  1  b). 

For  example,  OPN  interacts  with  a  variety  of 
integrins,  including  av|53,  av|35,  av|3l,  a4|3l,  a8|3l 
and  a9|3l,  as  well  as  CD44  splice  variants.  Integrin- 
mediated  cell  adhesion  and  migration  are  stimulated 
in  assays  in  which  full-length  OPN  is  immobilized  on 
tissue  culture  dishes.  Thrombin  cleavage  of  OPN  sepa¬ 
rates  the  integrin-  and  CD44-binding  domains,  which 
in  some  cases  promotes  adhesion  over  migration.  For 
example,  the  thrombin -generated  amino-terminal  OPN 
fragment  binds  to  av|33  and  av|35  integrins  (through 
RGD17)  or  to  oc9(31  and  a4|31  integrins  (through  the 
cryptic  SVVYGLR  sequence18)  and  promotes  cell  adhe¬ 
sion.  The  carboxy-terminal  fragment  binds  to  CD44 
variant  6  (CD44v6)  —  and  sometimes  to  CD44v3  by  a 
heparin  bridge  —  and  promotes  the  formation  of  foci, 
invasion  and  tumorigenesis19.  Under  specific  condi¬ 
tions,  OPN  is  also  a  substrate  for  MMP3  and  MMP7, 
and  the  resulting  OPN  fragments  facilitate  adhesion  and 
migration  in  vitro  through  activation  of  (3l-containing 
integrins20.  OPN  has  also  been  shown  to  be  a  substrate 
for  liver  transglutaminase  and  plasma  transglutaminase 
factor  Ilia,  resulting  in  protein  crosslinking21  and 
enhanced  cell  adhesion,  spreading,  focal  contact  forma¬ 
tion  and  migration22.  Through  interactions  with  cell- 
surface  receptors,  OPN  and  its  proteolytic  fragments 
modulate  cell  adhesion  and  migration. 

Through  their  action  on  the  transcription  factor 
nuclear  factor  kB  (NFkB),  SIBLINGS  can  also  affect 
cellular  proliferation,  differentiation  and  apoptosis  in 
normal  tissues.  BSP  increases  survival  and  decreases 
apoptosis  of  bone  marrow-derived  monocytes  and 
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Figure  1 1  Chromosomal  localization  and  exon-intron  similarities  of  human  SIBLING 
genes,  a  |  The  genes  are  clustered  within  a  375  kb  region  of  chromosome  4  and  are 
similarly  arranged  in  all  completed  mammalian  genomes  to  date.  Except  for  an  apparent 
pseudogene  (HSP90AB177)  between  matrix  extracellular  phosphoglycoprotein  (MEPE)  and 
secreted  phosphoprotein  1  (SPP1)  in  humans  and  chimps  only  (light  grey  box),  there  are  no 
other  significant  open-reading  frames  within  this  region.  Integrin-bindingsialoprotein 
(IBSP)  encodes  bone  sialoprotein  (BSP)  and  SPP1  encodes  osteopontin  (OPN).  Vertical  lines 
represent  exons,  b  |  The  transcripts  of  small  integrin-binding  ligand  N-linked  glycoprotein 
(SIBLING)  genes.  The  SIBLINGS,  which  are  composed  almost  exclusively  of  hydrophilic 
amino  acids,  are  likely  to  be  flexible,  extended  structures  in  solution.  The  exons  (boxes;  not 
drawn  to  scale)  often  have  similar  motifs  and  properties  and  are  separated  by  type  0  introns. 
The  first  exon  is  non-coding.  The  second  exon  contains  the  start  codon,  the  hydrophobic 
signal  peptide  and  the  first  two  amino  acids  of  the  mature  protein  (A4A2).  Exons  3  and  5 
frequently  contain  consensus  sequences  for  serine  phosphorylation  (P04).  Exon  4  can  be 
relatively  proline-rich  and,  like  the  other  small  exons  (3  and  5),  has  been  shown  in  some 
cases  to  be  spliced  out  of  a  subset  of  mRNA  (exons  with  dashed  borders).  The  integrin- 
binding  tripeptide,  Arg-Gly-Asp  (RGD),  is  found  within  the  last  one  or  two  large  exons 
(which  typically  encode  >80%  of  the  protein).  All  SIBLINGS  contain  variously  located 
N-  and/or  O-linked  oligosaccharides,  but  only  the  observed  (GAG*)  and  proposed  (GAG) 
consensus  attachment  sites  of  the  relatively  long  chain  glycosaminoglycans  are  shown. 
(Orange  GAG  indicates  chondroitin  or  dermatan  sulphate  chains  and  green  GAG  indicates 
keratan  sulphate  chains.)  Cleavage  of  SIBLINGS  (scissors)  by  specific  proteases  (bone 
morphogenetic  protein  1  (BMP1).  thrombin,  matrix  metallopeptidases  and  so  on)  is  thought 
to  be  important,  although  whether  this  activates  and/or  inactivates  specific  SIBLING 
functions  is  currently  under  investigation.  Human  DSPP  also  contains -240  tandem  repeats 
of  the  phosphorylated  nominal  Ser-Ser-Asp  (SSD)  tripeptide.  (For  summary  of  some  of  the 
post-translational  modifications  and  protease  cleavage  sites,  see  REF.  1  59.)  DMPl,  dentin 
matrix  protein  1;  DSPP,  dentin  sialophosphoprotein. 


Type  0  introns 

Introns  that  disrupt  an  open 
reading  frame  between  codon 
junctions  and  therefore  permit 
any  splicing  combination  to 
other  type  0  exons  without 
causing  frameshifts. 


macrophages  through  enhanced  NFkB  signalling23. 
BSP  can  also  induce  NFlcB-dependent  bone  resorp¬ 
tion  by  inducing  osteoclastogenesis  and  osteoclast 
survival23.  OPN  activation  of  NFkB  promotes  sur¬ 
vival  of  activated  T  cells  through  phosphorylation  of 


the  kinase  IKK(3  (also  known  as  inhibitor  of  NFkB 
kinase  |3  (IKBKB))  and  inhibition  of  the  transcrip¬ 
tion  factor  FOXQ3  (REF  24).  A  role  for  OPN-induced 
activation  of  NFkB  in  the  survival  of  dopaminergic 
neurons25,  endothelial  cells26  and  dendritic  cells27  has 
also  been  reported. 

The  above-mentioned  pathways  (migration,  adhe¬ 
sion  and  apoptosis  evasion)  are  crucial  in  the  develop¬ 
ment  and  progression  of  cancer  as  nascent  neoplasms 
must  successfully  navigate  these  pathways  to  survive. 
Therefore  it  seems  possible  that  the  effects  of  SIBLINGS 
in  cancer  biology  are  due  in  part  to  modulation  of  these 
pathways. 

SIBLINGS  and  tumour  progression 

Tumour  progression  involves  a  sequential  series  of 
events  that  confer  a  survival  advantage  to  transformed 
cells.  These  events  begin  with  neoplastic  transformation 
and  continue  through  the  subversion  of  proliferation 
blockades,  growth  restriction,  physical  barriers  and  host 
defence  systems.  Cancer  cell  survival  requires  prolifera¬ 
tion,  interaction  with  the  extracellular  matrix  to  create 
space  to  grow,  pathways  for  nutrient  access  and  escape 
of  the  cells  to  a  new  environment.  Successful  progression 
also  involves  cellular  responses  and  evasion  of  immune 
surveillance. 

Cancer  cell  adhesion  and  proliferation.  Cancer  cells 
bind  to  SIBLINGS  and  their  various  proteolytic  frag¬ 
ments  through  a  variety  of  integrin  receptors  by  both 
RGD-dependent  and  RGD-independent  interactions. 
OPN,  and  perhaps  DMPl,  can  also  interact  with  specific 
splice  variants  of  CD44  that  are  expressed  by  cancer 
cells.  Interestingly,  OPN  binding  to  CD44v6  results 
in  the  propagation  of  cytosolic  signals  that  enhance 
integrin  activation  and  thus  migration  (an  example  of 
inside-out  signalling)  in  colon  HT29  cells28.  Tumour 
cells  were  stimulated  to  spread  following  the  interac¬ 
tion  of  CD44  and  OPN  apparently  through  (31  integrins, 
which  have  well-characterized  roles  in  enabling  cell 
adhesion29'30.  OPN  exhibiting  reduced  serine/threonine 
phosphorylation  by  casein  kinase  induces  the  adhesion 
of  human  breast  cancer  cells  almost  sixfold  more  than 
hyperphosphorylated  OPN31,  highlighting  the  possible 
modifying  roles  of  the  many  post-translational  events 
on  SIBLING  functions. 

The  adhesive  properties  of  the  SIBLINGS  have  also 
been  investigated  in  the  context  of  bone  targeting  and 
recognition  by  metastasizing  cancer  cells,  and  these 
molecules  have  been  implicated  in  enhancing  the  affin¬ 
ity  of  metastatic  cancer  cells  for  bone  (discussed  in  more 
detail  below).  Breast  cancer  cells  expressing  active  av(33 
integrin  adhere  to  BSP-enriched  mineralized  bone  as 
well  as  to  recombinant  BSP  during  in  vitro  adhesion 
and  invasion  assays32.  Thus,  exogenously  added  BSP 
peptides  strongly  inhibited  breast  cancer  cell  adhesion 
to  extracellular  bone  matrix  at  micromolar  concentra¬ 
tions33.  Furthermore,  multiple  myeloma  cells  adhere  to 
OPN,  indicating  that  the  increased  stromal  expression 
of  OPN  that  is  associated  with  this  disease  might  be 
one  of  the  factors  enhancing  the  retention  of  these  cells 
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Metabolically  passive 
normal  duct 

Epithelia,  such  as  that  of  the 
lacrimal  gland  ducts,  that  do 
not  alter  the  tonicity  of  the  fluid 
they  process  in  the  course  of 
normal  physiology.  Tears  from 
the  lacrimal  acini  are  isotonic 
and  are  secreted  unchanged 
through  the  duct  system. 

CD44 

A  family  of  cell  surface  signal- 
transducing  glycoproteins 
involved  in  cell-cell 
interactions,  cell  adhesion  and 
migration.  CD44s  bind 
hyaluronan,  a  high-molecular- 
mass  polysaccharide  found  in 
the  extracellular  matrix,  and  a 
variety  of  extracellular  as  well 
as  cell  surface  ligands.  CD44 
exists  in  multiple  spliced  forms 
and  shows  a  high  variability  in 
glycosylation. 

Transglutaminases 

A  family  of  enzymes  that 
catalyse  the  crosslinking  of 
proteins  at  a  glutamine  in  one 
chain  with  lysine  in  another 
chain.  Although  the  family 
members  have  different 
structures,  they  share  an  active 
site  (Tyr-Gly-Gln-Cys-Trp) 
and  strict  Ca2+  dependence. 

Osteoclast 
A  cell  that  breaks  down 
mineralized  bone  and  is 
responsible  for  bone 
resorption. 

Dental  pulp  cells 

Cells  that  comprise  the  soft 
tissue  forming  the  inner 
structure  of  a  tooth  and 
containing  nerves  and  blood 
vessels  as  well  as  possibly 
dentin  stem  cells. 


Figure  2  |  SIBLINGS  mediate  cell-matrix  interactions  and  cellular  signalling.  Small  integrin-binding  ligand  N-linked 
glycoproteins  (SIBLINGS;  bone  sialoprotein  (BSP),  dentin  matrix  protein  1  (DMP1)  and  osteopontin  (OPN)  are  shown) 
can  initiate  Arg-Gly-Asp  (RGD)-dependent  and  RGD-independent  interactions  with  several  integrins  (such  as  avfS3 
and  a9|31,  respectively).  OPN  (and  perhaps  DMP1)  can  also  interact  with  the  CD44  family  of  receptors.  Some  of  these 
complexes  are  able  to  mediate  the  following  functions:  (a)  cell  survival  through  phospholipase  C-Y(PLCy)-protein 
kinase  C  (PKC)-phosphatidylinositol  3-kinase  (PI 3 K)— Akt  pathway  activation  that  leads  to  anti-apoptotic  signals  in 
tumour  cells.  OPN-induced  Akt  phosphorylation  can  be  blocked  by  the  tumour  suppressor  PTEN  (phosphatase  and 
tensin  homologue).  However,  PTEN  is  frequently  mutated  and  thus  rendered  inactive  in  cancer  cells  such  as  melanoma 
and  glioma;  (b)  motility  through  the  activation  of  the  canonical  av(33  integrin  pathway  where  both  nuclear  factor- 
inducing  kinase  (NIK)-ERK  (extracellular  signal-related  kinase)  and  MEKK1  (also  known  as  mitogen-activated  protein 
kinase  kinase  kinase  1  (MAP3KD-INK1  (also  known  as  MAPK8)  signalling  promote  cell  migration  by  activating  API- 
dependent  gene  expression  (for  a  review  see  REF.  1  78).  Upon  binding  to  av(33,  OPN  also  stimulates  epidermal  growth 
factor  receptor  (EGFR)  transactivation,  ERK  phosphorylation  and  API  activation;  (c)  bridging  of  otherwise  soluble  matrix 
metalloproteinases  (MMPs)  to  cell  membranes  and  their  activation,  enabling  digestion  of  local  extracellular  matrix  and 
thereby  aiding  tissue  remodelling  and  cell  migration  through  the  extracellular  matrix,  a  key  step  for  cancer  cell  invasion; 
and  (d)  bridging  and  activation  of  complement  factor  H  (CFH)  to  receptors  including  av(33  integrin.  By  promoting  the 
degradation  of  the  C3  convertase  complex  C3bBb,  SIBLING-activated  CFH  disables  the  formation  of  the  membrane 
attack  complex  (MAC)  and  the  subsequent  lysis  of  cancer  cells,  thus  favouring  their  escape  from  host  immune  defence. 
The  ?  illustrates  that  it  is  not  known  if  all  binding  of  SIBLINGS  (with  or  without  ligands)  necessarily  results  in  signal 
transduction.  MKK4,  MAP  kinase  kinase  4. 


in  the  bone  marrow34.  Although  the  RGD  domain  of 
DMP1  has  been  shown  to  mediate  the  adhesion  and 
spreading  of  dental  pulp  cells  in  vitro35,  no  data  about 
DMPl-mediated  cancer  cell  adhesion  are  available. 

SIBLINGS  may  also  affect  cancer  cell  proliferation. 
BSP  accelerates  the  proliferation  of  breast  cancer  cells 
in  vitro6.  Furthermore,  /BSP-transfected  breast  cancer 
cells  show  increased  primary  tumour  growth  following 
injection  into  the  mammary  fat  pad  of  nude  mice36. 
OPN  stimulates  human  prostate  cancer  cell  line  prolif¬ 
eration  when  transferred  to  a  mouse  xenograft  model 
system37.  OPN-induced  proliferative  responses  mainly 
occur  through  activation  of  the  epidermal  growth  factor 
receptor  (EGFR)38  and  integrin-mediated  intracellular 
Ca2+  signalling39.  The  intracellular  signalling  pathways 


operant  in  OPN  modulation  of  cell  proliferation  and 
migration  have  been  well  characterized  (for  a  review 
see  REF.  1 8).  The  binding  of  OPN  to  CD44  promotes 
cell  migration  through  kinase  cascades  involving 
phospholipase  Cy,  protein  kinase  C,  phosphatidyl- 
inositiol  3-kinase  (PI3K)  and  Akt,  a  serine/threonine 
kinase  that  regulates  cell  cycle  progression,  growth 
factor-mediated  survival  and  cell  migration  (FIG.  2a). 
The  binding  of  av|33  by  OPN  is  associated  with  SRC 
kinase-mediated  complex  formation  between  av|33  and 
EGFR,  which  activates  the  mitogen- activated  protein 
kinase  (MAPK)  pathway  and  results  in  the  promotion 
of  tumour  growth.  The  potential  effects  of  SIBLINGS 
other  than  BSP  and  OPN  on  cell  proliferation  have  not 
been  investigated. 
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Osteotropic 

Describes  tumours  that 
metastasize  preferentially  to 
the  skeleton. 


Invasion  and  extracellular  matrix  degradation.  High 
cancer  cell  motility  combined  with  increased  expression 
of  proteases  that  degrade  the  extracellular  matrix  is  gen¬ 
erally  predictive  of  invasive  capability40,41.  OPN  and  BSP 
are  expressed  at  high  levels  by  numerous  cancers  and 
might  contribute  to  their  invasive  potential.  Functional 
studies  using  overexpression  of  OPN  in  two  prostate 
cancer  cell  lines  reveal  that  OPN  increases  invasion  and 
enhances  the  ability  of  cancer  cells  to  intravasate  into 
blood  vessels  in  a  mouse  neoplastic  model37.  OPN  also 
enhances  in  vitro  migration  of  various  types  of  cancer 
cells  including  melanoma42,  breast43,  and  multiple 
myeloma44.  Similarly,  transfection  of  a  breast  cancer  cell 
line  with  IBSP  cDNA  stimulated  migration  and  invasion 
in  vitro36. 

Invasive  cells  have  the  capacity  to  degrade  the 
extracellular  matrix  through  at  least  two  pathways  of 
controlled  proteolysis:  the  urokinase-type  plasmino¬ 
gen  activator  (uPA,  also  known  as  PLAU)  pathway  and 
the  MMP  pathway.  Several  studies  using  recombinant 
OPN  show  that  this  SIBLING  significantly  increases 
in  vitro  invasiveness.  For  example,  OPN  increases  the 
invasiveness  of  pancreatic  cancer  cells45  and  non-small 
cell  lung  carcinoma  cells46.  Treatment  of  breast  cancer 
cells  with  OPN  results  in  higher  invasiveness  through 
the  basement  membrane  analogue,  Matrigel,  and 
increases  both  PLAU  mRNA  expression  and  urokinase 
activity47.  In  a  metastatic  murine  mammary  cancer  cell 
lines  model,  the  binding  of  OPN  to  integrin  receptors 
induces  MMP2  and  uPA  expression  through  integrin- 
linked  kinase  (ILK) -dependent  API  activity48.  It  has 
recently  been  shown  that  OPN  induces  av|33  integrin- 
mediated  API  activity  and  uPA  secretion  by  activat¬ 
ing  SRC-EGFR-ERK  (extracellular  signal-regulated 
kinase)  signalling  pathways  and  further  demonstrates 
a  functional  molecular  link  between  OPN-induced 
integrin-  and  SRC-dependent  EGFR  phosphoryla¬ 
tion  and  ERK-  and  API -mediated  uPA  secretion,  and 
all  of  these  ultimately  control  the  motility  of  breast 
cancer  cells49.  Thus,  both  increased  cell  motility  and 
induction  of  uPA  expression  are  possible  mechanisms 
of  increased  invasiveness  of  breast  epithelial  cells  in 
response  to  OPN. 

Potential  mechanisms  for  SIBLING-enhanced  matrix 
degradation  have  been  described.  BSP  and  OPN  induce 
the  activation  of  MMP2  in  GCT23  giant  cell  tumour 
cells50.  OPN  binding  to  av|33  is  associated  with  PI3K- 
mediated  NFkB  activation  and  nuclear  factor-inducing 
kinase  (NIK,  also  known  as  mitogen-activated  protein 
kinase  kinase  kinase  14  (MAP3K14))  activation  of  API 
and  NFkB,  which  stimulate  uPA-dependent  MMP9  acti¬ 
vation51.  Thus,  at  least  two  SIBLINGS  can  induce  MMP 
expression.  Interestingly,  NIK-dependent  MMP9  activa¬ 
tion  has  been  recently  implicated  in  melanoma  growth 
and  metastasis  to  lung52. 

BSP,  DMP1  and  OPN  bind  to  and  modulate  the 
activity  of  MMP2,  MMP9  and  MMP3,  respectively53. 
SIBLING- mediated  MMP  activation  includes  both  mak¬ 
ing  the  proMMPs  enzymatically  active  to  some  degree 
and  reactivating  MMPs  that  are  inhibited  by  tissue 
inhibitors  of  MMP  (TIMPs)53.  The  expression  of  these 


three  SIBLINGS  and  their  cognate  MMPs  was  correlated 
in  a  number  of  different  cancer  types54.  BSP  promoted 
invasion  of  several  osteotropic  cancer  cell  lines  in  vitro  by 
apparently  localizing  MMP2  to  the  cell  surface  through 
av|33  (REF.  55).  DMP1  enhanced  the  invasion  potential  of 
a  colon  cancer  cell  line  by  bridging  MMP9  to  integrins 
and,  perhaps,  CD44  (REF.  56).  Another  mechanism 
might  involve  enzymatic  processing  of  SIBLINGS  that 
alters  invasion  and  migration  properties.  For  example, 
increased  hepatocellular  carcinoma  cell  invasion  was 
attributed  to  OPN  peptides  cleaved  by  MMP9  and 
thrombin57.  Interestingly,  transglutaminase  crosslink- 
ing  of  OPN  forms  proteolysis-resistant  inactive  OPN 
polymers  that  reduced  breast  cancer  cell  invasion  and 
migration  in  vitro56. 

Metastasis.  Metastasis  is  a  complex  process  characterized 
by  multiple  stages:  malignant  cells  proliferate  and  spread 
from  the  primary  tumour  mass,  invade  adjacent  capil¬ 
lary  or  lymphatic  vessels,  resist  immunological  attacks 
and  eventually  gain  access  to  secondary  sites  where 
they  proliferate  to  form  a  new  tumour  (for  a  review  see 
REF.  59).  Throughout  this  multi-step  progression,  cancer 
cells  interact  with  extracellular  matrix  proteins,  endothe¬ 
lial  cells,  platelets,  stromal  cells  and  other  organ-specific 
structures.  Multifunctional  extracellular  matrix  proteins 
such  as  the  SIBLINGS  are  expected  to  have  key  roles  in 
metastasis  as  they  affect  adhesion,  migration  and  matrix 
degradation  (FIG.  3). 

Compelling  evidence  from  cancer  cell  transfection 
experiments  and  mouse  xenograft  models  demonstrate 
that  high-level  OPN  expression  can  confer  a  meta¬ 
static  phenotype  on  cells  that  originally  formed  benign 
tumours60.  Since  this  initial  observation,  numerous  stud¬ 
ies  conducted  with  human  biological  tissue  from  various 
cancer  types  consistently  report  that  tumours  that  are 
likely  to  progress  to  more  advanced  stages  present  with 
de  novo  or  increased  expression  of  SIBLINGS  (TABLE  1 ). 
In  particular,  the  correlations  observed  between  high 
levels  of  OPN  expression  in  tumour  cells  and  their 
subsequent  metastatic  dissemination  were  supported 
by  gain-  and  loss-of-function  studies  demonstrat¬ 
ing  the  pro-metastatic  role  of  OPN  (for  a  review  see 
REF.  61 ).  Thus,  the  introduction  of  an  OPN  expression 
vector  into  non-metastatic  rat  mammary  epithelial  cells 
resulted  in  lung  metastasis  development  in  55%  of  the 
inoculated  animals  that  produced  primary  tumours60 
and  the  antisense  inhibition  of  OPN  inhibited  osteo¬ 
lytic  metastases  of  human  breast  cancer  cells62.  Host- 
produced  OPN  also  appeared  to  be  of  importance  for 
metastasis  development,  as  melanoma  cells  that  do  not 
express  OPN  showed  reduced  lung  and  bone  metastases 
when  injected  into  OPN-deficient  mice  compared  with 
wild-type  mice63. 

High  expression  of  SIBLINGS  is  associated  with  osteo¬ 
tropic  cancers  including  breast64,  prostate65  and  lung66  as 
well  as  multiple  myeloma67.  A  recent  micro  array  and 
functional  genomic  study  in  an  experimental  mouse 
model  demonstrated  a  functional  association  between 
OPN,  interleukin  1 1  and  either  chemokine  receptor  4 
( CXCR4)  or  connective  tissue  growth  factor  (CTGF) 
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Figure  3  |  The  role  of  SIBLING  proteins  at  different  steps  of  the  metastatic  cascade,  a,  b  |  At  the  primary  site, 
cancer  cells  secrete  high  levels  of  small  integrin-binding  ligand,  N-linked  glycoproteins  (SIBLINGS),  which  favour  their 
proliferation  (osteopontin  (OPN)  and  bonesialoprotein  (BSP))  and  survival  (OPN,  BSP  and  dentin  matrix  protein  1  (DMP1)). 
c  |  Cancer  cells  with  enhanced  adhesive  and  migratory  capabilities  can  detach  from  the  primary  tumour  mass  and  degrade 
the  basement  membrane  to  invade  the  stroma.  The  associated  proteolysis  of  the  extracellular  matrix  (ECM)  is  mediated 
through  matrix  metalloproteinases  (MMPs)  and  urokinase  plasminogen  activator  (uPA).  OPN  enhances  uPA  activation,  cell 
motility  and  invasion  into  the  surrounding  tissue.  The  insert  shows  BSP,  DM  PI  and  OPN  bound  to  their  respective 
receptors  (avf)3  integrins  and/or  CD44),  which  may  actively  promote  local  proteolysis  through  binding  specific  MMPs 
(MMP2,  MMP9  and  MMP3,  respectively),  d  |  As  ligands  for  av(33  integrin.OPN  and  BSP  have  roles  in  angiogenesis.  The 
expression  of  these  SIBLINGS  by  tumour  cells  promotes  the  migration  and  adhesion  of  activated  endothelial  cells,  which 
are  crucial  during  angiogenesis.  OPN  acts  as  a  chemotactic  and  adhesion  molecule  for  macrophages  and  promotes  their 
infiltration  of  the  tumour,  e  |  The  transport  of  cancer  cells  in  the  circulation  is  one  of  the  limiting  steps  for  metastasis  to 
distant  organs  because  they  are  confronted  by  the  host  immune  system.  The  insert  shows  that,  in  this  context,  the 
expression  and  the  presentation  of  BSP,  DMP1  and  OPN  on  the  cancer  cell  surface  enables  them  to  sequester  and  activate 
complement  factor  H  (CFH)  and  protect  themselves  from  complement-mediated  lysis,  f  |  At  distant  site(s),  cancer  cell 
extravasation  is  followed  by  the  formation  of  a  secondary  colony.  Proliferative,  survival  and  angiogenenic  signals  by  newly 
formed  metastatic  colonies  occur  mainly  through  mechanisms  similar  to  those  that  are  used  during  the  early  steps  of 
tumour  progression  with  tumour-secreted  SIBLINGS  continuing  to  act  as  enhancing  factors. 


Bone  lesions 

Lytic  lesions  are  areas  of  the 
bone  marked  by  destruction, 
whereas  sclerotic  lesions  are 
areas  of  the  bone  marked  by 
thickening  or  hardening.  A 
mixed  lytic  and  sclerotic  lesion 
exhibits  facets  of  both 
resorption  (destruction)  and 
thickening  (formation). 


in  breast  cancer  cells  that  favours  bone  metastasis68. 
Overexpression  of  BSP  also  enhanced  experimental 
bone  metastasis69.  The  affinity  of  BSP-expressing  cancer 
cells  for  bone  is  emphasized  in  a  study  where  the  trans¬ 
fection  of  IBSP  cDNA  into  a  brain-metastasizing  breast 
cancer  cell  line  subclone  was  sufficient  to  induce  bone 
metastases,  although  no  bone  lesions  were  observed  with 
the  control  line70. 


The  expression  of  SIBLINGS  by  breast  and  prostate 
carcinoma  prompted  the  hypothesis  that  osteotropic  can¬ 
cer  cells  can  become  ‘bone-like’  or  express  osteomimetic 
properties  that  favour  ‘seeding’  in  the  skeleton  by  improv¬ 
ing  their  adhesion,  proliferation  and/or  survival  in  bone. 
It  was  shown  that  during  the  malignant  transformation 
of  prostate  epithelium,  a  switch  of  gene  expression  that 
confers  an  osteoblastic  phenotype  (including  expression 
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Table  1 1  SIBLING  expression  in  normal  and  malignant  human  tissues  as  well  as  correlation  with  disease  progression 


Organ/  tissue 

OPN 

BSP 

DMP1 

DSPP 

Normal* 

Tumour4 

Prog’n8 

Normal 

Tumour 

Prog’n 

Normal 

Tumour 

Prog’n 

Normal 

Tumour 

Prog’n 

Bladder 

Low164 

High179 

Yes180 

ND 

High158 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Bone 

High164 

High181 

No181 

High182 

High183 

Yes183 

High184 

ND 

ND 

Low185 

ND 

ND 

Brain 

Low179 

High186 

Yes186 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Breast 

Low164 

High187 

Yes188 

Low64 

High64 

Yes135 

Low121 

High121 

Yes121 

ND 

ND 

ND 

Cervix 

Low164 

High189 

Yes127 

Low116 

High116 

Yes116 

ND 

ND 

ND 

ND 

ND 

ND 

Colon 

Low164 

High107 

Yes190 

Low54 

High54 

ND 

Low54 

High54 

ND 

Low54 

Low54 

ND 

Connective 

tissue 

No164 

High191 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Gastric 

No164 

High192 

Yes143 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Oral  mucosa 

No119 

High119 

Yes119 

No119 

High119 

No119 

No119 

No119 

No119 

No119 

High119 

Yes119 

Kidney 

High15164 

High193 

Yes126 

High15 

ND 

ND 

High15 

ND 

ND 

High15 

ND 

ND 

Bone  marrow 

No194 

High195 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Lung 

No164 

High196 

Yes133 

Low54 

High66 

Yes136 

Low54,120 

High54,120 

ND 

Low54 

High54 

ND 

Lymphocytes 

Low197 

High106 

Yes198 

ND 

High67 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Melanocytes 

No199 

High200 

Yes200 

ND 

High118 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Oesophagus 

ND 

High179 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Ovary 

No164 

High201 

Yes125 

Low54 

Low66 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Pancreas 

No164 

High146 

Yes45 

Low117 

High117 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Prostate 

No164 

High202 

Yes203 

No54 

High65 

Yes65 

No54 

ND 

ND 

Low2 

High2 

Yes2 

Rectum 

ND 

High204 

Yes204 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

Thyroid 

No179 

High132 

ND 

No115 

High115 

ND 

Low54 

High54 

ND 

ND 

ND 

ND 

*Defines  expression  of  the  designated  small  integrin-binding  ligand  N-linked  glycoprotein  (SIBLING)  at  the  protein  or  mRNA  level  in  normal  tissue.  4Defines 
expression  of  the  designated  SIBLING  at  the  protein  or  mRNA  level  in  primary  malignant  lesions.  §Defines  a  positive  and  significant  association  between  the  level 
of  expression  of  the  designated  SIBLING  in  the  primary  malignant  lesions  and  the  subsequent  development  of  distant  metastases  and/or  poor  disease  survival. 
Note  that  the  association  was  negative  for  dentin  matrix  acidic  phosphoprotein  1  (DMP1)  expression  in  breast  cancer  and  disease  progression.  BSP,  bone 
sialoprotein;  DSPP,  dentin  sialophosphoprotein;  ND,  not  determined;  OPN,  osteopontin;  Prog’n,  progression. 


of  SIBLINGs)  may  occur71.  Indeed,  the  expression  of 
certain  crucial  transcription  factors  that  are  known  to 
regulate  the  expression  of  bone-related  genes,  such  as 
RUNX2  and  MSX,  is  altered  in  prostate  cancer  cells  in  a 
way  that  favours  the  acquisition  of  an  osteoblast-like  pro¬ 
file  by  these  cells  (see  below  for  details).  The  expression  of 
‘bone’  proteins  by  cancer  cells  does  not  necessarily  target 
cell  metastasis  to  bone,  rather  it  is  more  likely  that  the 
expression  of  transcription  factors  regulating  SIBLING 
genes  such  as  RUNX2  produces  a  mesenchymal  pheno¬ 
type  that  finds  in  bone  a  fertile  soil  for  survival.  More 
recently,  Notch  signalling  and  ERK  activation  have  been 
shown  to  be  important  for  the  osteomimetic  properties 
of  prostate  cancer  bone  metastatic  cell  lines72.  In  good 
agreement  with  the  osteomimicry  theory,  a  parallel 
between  the  gene  expression  profiles  of  human  breast 
cancer  cells  with  a  high  propensity  to  metastasize  to 
bone  and  differentiating  osteoblast  cells  was  revealed73. 
Interestingly,  the  osteomimicry  gene  expression  profile 
observed  in  osteotropic  breast  cancer  cells  is  comprised 
not  only  of  SIBLINGS  but  also  of  other  proteins  that  are 
associated  with  the  acquisition  of  an  osteoblastic  pheno¬ 
type,  including  core-binding  factor  |3  (CBFJJ,  a  RUNX 


co-transcription  factor)  and  the  osteoblastic  cell-cell 
adhesion  protein  cadherin  1 1  (CDH11)73. 

The  known  biological  activities  of  OPN  and  BSP  sup¬ 
port  their  role  in  promoting  metastases  to  the  bone,  and 
to  other  organs.  It  is  likely  that  future  explorations  will 
identify  SIBLINGS  as  essential  regulators  of  the  metastatic 
phenotype.  This  phenotype  is  presumably  influenced  by 
stromal  and  inflammatory  cells  that  are  closely  associated 
with  primary  and  metastatic  tumours.  Identifying  the 
specific  roles  of  SIBLINGS  in  cancer-stroma  interactions 
and  signalling  cascades  involving  growth  factor-growth 
factor  receptor  and  cell-matrix  interactions  could  result  in 
the  development  of  additional  novel  and  refined  strategies 
for  the  prevention  and  treatment  of  metastases.  Tumour 
cell  survival  (at  both  primary  and  distant  sites)  requires 
successful  counter-responses  to  immune  surveillance. 

Inflammation  and  complement  evasion.  The  interplay 
between  inflammation  and  cancer  is  currently  an  area 
of  intense  research74.  Inflammation  is  part  of  the  innate 
immune  system  and  can  provide  an  immediate,  although 
non-specific,  response.  SIBLINGS  can  have  roles  in 
immune  cell  migration  into  sites  of  matrix  turnover  and 
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Opsonization 

The  process  whereby  opsonins 
(antibodies  or  complement 
proteins)  make  an  invading  cell 
or  microorganism  more 
susceptible  to  phagocytosis  by 
binding  to  its  surface. 

Chicken  chorioallantoic 
membrane  assay 

A  biological  assay  using  the 
well-vascularized 
chorioallantoic  membrane  of 
the  chicken  egg  to  evaluate  the 
biological  activity  of  pro-  and 
anti-angiogenic  factors. 

Renal  osteodystrophy 

A  bone  disease  characterized 
by  softening  and  fibrous 
degeneration  of  bone  and  the 
formation  of  cysts  in  bone 
tissue,  caused  by  chronic  renal 
failure. 


degradation  as  well  as  in  infection  and  inflammation.  One 
paradigm  for  SIBLING  function  and  metabolism  within 
the  immune  system  is  that  OPN  is  secreted  by  activated 
macrophages,  leukocytes  and  activated  T  lymphocytes75- 
77  and  is  also  a  chemotactic  cytokine  for  macrophages78, 
dendritic  cells27  and  neutrophils79.  It  is  possible  that  OPN 
expression  by  tumours  actually  promotes  inflammation- 
induced  cancer  growth  and  progression  through,  for 
example,  the  promotion  of  macrophage  and  neutrophil 
infiltration.  Tumour  cells  that  secrete  OPN  might  be 
propagating  chronic  inflammation,  which  can  accelerate 
transformation  and  tumour  progression.  OPN  might  also 
enhance  tumour  survival  by  downregulating  macrophage 
nitric  oxide  synthase  expression  and  downstream  produc¬ 
tion  of  nitric  oxide80.  Cytokines  can  also  alter  SIBLING 
levels.  Studies  have  reported  that  both  OPN  and  DSPP 
are  upregulated  by  the  macrophage  inflammatory  protein 
MIP3a  (also  known  as  CCL20),  a  chemokine  involved  in 
modulating  cell-mediated  immunity81,  which  is  known  to 
promote  pancreatic  cancer  cell  migration82.  The  overall 
action  of  OPN  on  the  immune  system  is  to  regulate  the 
function  of  macrophage  and  macrophage-derived  cells 
(that  is,  osteoclasts).  The  expression  and  potential  biolog¬ 
ical  activities  of  the  other  SIBLINGS  in  immune  cells  have 
not  been  studied;  however,  given  their  adhesive  proper¬ 
ties  and  other  shared  biochemical  properties  with  OPN, 
it  is  possible  that  they  have  similar  as  yet  undiscovered 
modulatory  roles  in  inflammation. 

Another  component  of  the  innate  immune  response 
is  the  complement  system,  which  is  composed  of  about 
26  proteins  that  combine  with  antibodies  and/or  cell 
surface  molecules  as  part  of  the  humoral  response.  The 
complement  cascade  has  a  role  in  inflammation,  immune 
adherence,  opsonization,  viral  neutralization,  cell  lysis  and 
localization  of  antigen83.  Nearly  all  cells  are  subject  to  con¬ 
stant  low  levels  of  complement  attack,  but  only  cells  that 
do  not  express  the  correct  cell  surface  proteins,  thereby 
inactivating  the  early  steps  of  the  cascade,  are  killed.  CFH 
is  a  major  negative  regulatory  factor  that  quenches  com¬ 
plement-mediated  lysis.  Cells  that  become  transformed 
may  escape  the  complement  system  during  their  transit 
through  the  patient’s  circulation  by  upregulating  genes 
that  help  to  control  this  aspect  of  immune  surveillance. 
As  such,  the  expression  of  SIBLINGS  (specifically  OPN, 
DMP1  and  BSP)  by  tumour  cells  might  provide  such  a 
selective  advantage  for  survival  by  mediating  the  bind¬ 
ing  of  CFH  to  the  cell  surface  through  integrins  and/or 
CD44.  The  activated  CFH  then  inhibits  the  formation  of 
the  membrane  attack  complex  and  subsequent  cell  lysis 
(FIG.  2d).  In  vitro  experiments  have  demonstrated  that 
these  three  SIBLINGS  can  protect  murine  and  human 
cancer  cell  lines  from  attack  by  complement84-86. 

Angiogenesis.  Angiogenesis  promotes  tumour  growth  as 
well  as  metastatic  spread  through  a  complex  interplay  of 
positive  and  negative  mediators  of  extracellular  matrix 
degradation  and  endothelial  cell  and  vasculature  recruit¬ 
ment.  There  is  evidence  that  av()3  is  a  key  angiogenesis- 
associated  receptor  that  is  significantly  upregulated  on 
the  surface  of  activated  endothelial  cells87.  OPN  and 
BSP  have  been  shown  to  act  as  pro -angiogenic  factors 


and,  based  on  their  RGD  motifs,  it  is  likely  that  the 
other  SIBLINGS  may  also  interact  with  av(33  integrin 
and  influence  the  behaviour  of  endothelial  cells.  OPN 
contributes  to  the  genesis  of  new  capillaries  infiltrat¬ 
ing  the  cancer  lesion  in  several  in  vivo  models88'89.  BSP 
also  promotes  angiogenesis  in  the  chicken  chorioallantoic 
membrane  assay  through  binding  av|33  (REF.  90). 

The  integrin  av|33  mediates  the  migration  of  activated 
endothelial  cells  during  vessel  formation.  SIBLINGS,  as  lig¬ 
ands  for  av|33  through  the  RGD  sequence,  may  stimulate 
endothelial  cell  migration.  It  is  also  possible  that  SIBLING 
modulation  of  protease  activity  (uPA  or  MMP)  generates 
bioactive  fragments  of  extracellular  matrix  components 
responsible  for  angiogenesis.  Experimental  evidence 
suggests  that  antagonizing  the  ligation  of  SIBLINGS  to 
integrins  is  a  promising  approach  for  the  inhibition  of 
angiogenesis  and  associated  tumour  growth.  For  exam¬ 
ple,  blocking  the  interaction  between  OPN  and  av(33 
inhibits  angiogenesis  and  stops  lung  cancer  growth  in 
mice88.  The  av|33  integrin  was  shown  to  be  important  for 
OPN-mediated  NFkB  induction  and  survival,  as  adding 
a  neutralizing  anti-|33  integrin  antibody  blocked  NFkB 
activity  and  induced  endothelial  cell  death  when  cells  were 
plated  on  OPN26.  A  recent  study  demonstrates  that  OPN 
triggers  vascular  endothelial  growth  factor-dependent 
breast  tumour  growth  and  angiogenesis  by  autocrine  and 
paracrine  mechanisms91.  Thus,  it  is  possible  that,  through 
their  interaction  with  av|33,  the  SIBLINGS  may  also  coop¬ 
erate  with  molecules  that  have  important  biological  func¬ 
tions  during  angiogenesis  and  tumoural  growth  processes, 
including  MMPs,  growth  factors  and  their  receptors. 

Microcalcification.  All  SIBLINGS  are  expressed  by  bones 
and  teeth,  and  it  was  originally  thought  that  they  acted 
to  directly  regulate  hydroxyapatite  crystal  formation92. 
Outside  of  the  skeletal  system,  pathological  dystrophic 
calcification  associated  with  the  upregulation  of  OPN 
and/or  BSP  has  been  observed.  Notable  among  these  are 
atherosclerotic  vascular  plaques,  renal  osteodystrophy  and 
kidney  stones93.  Because  of  their  earlier  association  with 
mineralization  in  bone,  the  expression  of  BSP  and  OPN 
has  been  studied  in  cancers  such  as  breast  and  thyroid 
carcinomas,  in  which  ectopic  calcification  occurs64'94,95. 
Although  calcifications  are  usually  associated  with 
benign  lesions,  certain  patterns  of  calcification  —  such 
as  tight  clusters  with  irregular  shapes  —  may  indicate  the 
presence  of  a  premalignant  tumour.  Tumours  from 
the  primary  sites  of  bone-seeking  cancers  frequently 
contain  foci  of  dystrophic  calcifications  in  the  form  of 
hydroxyapatite  microcalcifications.  The  cause(s)  of  these 
ectopic  calcifications  are  ill-defined  and  the  exact  role  of 
the  SIBLINGS  in  the  formation  of  such  calcifications  is 
not  known.  Although  it  was  initially  thought  that  mineral 
deposition  might  occur  because  of  the  increased  local 
concentration  of  SIBLINGS  (which  have  well-described 
characteristics  of  nucleators  of  mineralization)  it  has  also 
been  reported  that  OPN  actually  blocks  ectopic  calcifica¬ 
tion96.  It  is  also  possible  that  SIBLING  association  with 
ectopic  calcification  primarily  controls  and  diminishes 
the  immune  and  inflammatory  response  that  is  provoked 
by  inappropriate  crystal  deposition. 
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Box  1 1  Expression  and  distribution  of  SIBLINGS  in  normal  tissues 

With  the  exception  of  osteopontin  (OPN),  which  was  independently  discovered  in  several  tissues,  the  distribution  of  the 
small  integrin-binding  ligand  N-linked  glycoprotein  (SIBLING)  family  in  normal  tissues  was  originally  believed  to  be 
limited  to  bones  and  teeth92.  In  these  calcified  tissues,  the  presumed  function  of  the  family  was  a  role  in  the 
biomineralization  of  matrix  and  a  number  of  published  in  vitro  studies  do  support  such  a  role  (for  a  review  see  REF.  1 59). 
With  one  exception,  the  dentin  of  dentin  sialophosphoprotein  (Dspp)-null  mice160,  all  of  the  SIBLING  gene  knockout 
mouse  models  have  little  if  any  significant  change  in  basic  matrix  mineralization.  Early  reports  indicated  that  OPN  is  also  a 
component  of  human  breast  milk161,  and  is  expressed  in  chronic  inflammatory  cells162  and  kidney163,  as  well  as  some  other 
epithelia164.  Terasawa  et  a!.165  reported  the  expression  of  dentin  matrix  protein  1  (DMP1)  in  several  mouse  soft  tissues 
including  liver,  muscle,  brain,  pancreas  and  kidney.  Matrix  extracellular  phosphoglycoprotein  (MEPE)  was  originally 
discovered  in  tumours  causing  osteomalacia  and  was  shown  at  that  time  to  be  expressed  (mRNA  only)  predominantly  in 
bone  and  brain  with  “very  low  levels  of  expression”  in  lung,  kidney  and  placenta122.  Recent  studies  have  demonstrated 
that  all  five  members  of  the  SIBLING  family  are  expressed  in  metabolically  active  ductal  epithelial  cells  of  the  salivary 
gland  and  kidney1415  and  all  but  MEPE  were  expressed  in  eccrine  sweat  ducts16.  MEPE  expression  appears  to  be  limited  to 
ductal  cells  that  actively  transport  phosphate16.  The  role  of  the  SIBLINGS  in  normal  soft  tissues  is  now  a  subject  of  intense 
investigation.  SIBLINGS  expression  can  also  be  transcriptionally  regulated  (see  table).  BSP,  bone  sialoprotein;  DLX5,  distal- 
less  homeobox  5;  FRE,  fibroblast  growth  factor  response  element;  HDAC3,  histone  deacetylase  3;  HOX,  homeobox; 
PPARy,  peroxisome  proliferator-activated  receptor  y. 


OPN 

BSP 

DMP1 

DSPP 

Activators  of 
transcription 

RUNX2-Vitamin  D 
receptor166 

API  (REF  1  67) 

RUNX2-DLX5  (REF  168) 
RUNX2-HOXA10  (REF.  169) 

FRE-  and  HOX-binding  proteins170 

RUNX2  (REF  171) 
AP1-SP1-ETS172 

RUNX2  (REF  101) 

CCAAT-binding 

factor173 

Repressors  of 
transcription 

PPARy174 

RUNX2  (REF  99) 

RUNX2-HDAC3  (REF  175) 

Unknown 

Novel  transcription 
repressor173 

TWIST 1  (REF  1761 

Eccrine  sweat  ducts 

These  ducts  transport  sweat  to 
the  surface  of  the  skin  and  are 
involved  in  evaporative  cooling. 


Nevertheless,  SIBLING-expressing  tumours  are  more 
readily  detectable  clinically  at  early  stages,  on  the  basis  of 
associated  abnormal  mammographic  calcifications.  Most 
of  the  breast  calcifications  detected  at  mammography 
are  benign.  Radiologists  must  be  able  to  identify  typically 
benign  breast  calcifications  that  do  not  require  biopsy  to 
prevent  unnecessary  procedures  and  to  reduce  patient 
anxiety.  It  will  be  interesting  to  determine  whether  the 
high  expression  of  SIBLINGS  that  is  associated  with  the 
detection  of  suspicious  microcalcifications  will  help  to 
identify  lesions  that  are  likely  to  evolve  towards  malig¬ 
nancy.  The  expression  of  SIBLINGS  in  premalignant 
lesions  has  not  yet  been  investigated  and  is  an  interesting 
field  of  investigation  to  fully  understand  the  role  of  these 
proteins  during  cancer  progression. 

Regulation  of  SIBLING  genes  in  cancer  cells 

The  promoter  regions  of  SPP1,  IBSP,  DMP1  and  DSPP 
have  been  cloned  in  different  species  and  they  exhibit 
a  number  of  consensus  regulatory  sequences,  such  as 
potential  binding  sites  for  API  and  NFkB  transcription 
factors.  Regulation  of  SIBLING  genes  has  been  best 
studied  in  the  context  of  osteoblastic  and  odontoblastic 
cell  differentiation  (BOX  1).  RUNX2,  a  member  of  the 
RUNX  transcription  factor  family,  is  a  transcription 
factor  that  is  crucial  for  the  regulation  of  genes  that 
support  bone  formation97  and  as  such  it  is  involved 
in  the  control  of  OPN98,  BSP99,  DMP1  (REF  100)  and 
DSPP101  expression.  All  the  RUNX  proteins  are  inti¬ 
mately  associated  with  tumour  progression,  inva¬ 
sion  and  metastasis102.  Notably,  RUNX2  is  aberrantly 
expressed  at  high  levels  in  breast  and  prostate  tumours 
and  cells  that  metastasize  to  the  bone103.  Interestingly, 
RUNX2  also  transactivates  SPP1  (REF  1 04)  and  IBSP 105 


in  breast  cancer  cells,  suggesting  that  the  expression 
of  SIBLINGS  might  be  subject  to  the  same  regulation 
both  in  normal  osteoblasts  and  in  cancer  cells.  Human 
myeloma  cells  with  active  RUNX2  protein  produce 
OPN  that  is  involved  in  the  pathophysiology  of  multiple 
myeloma-induced  angiogenesis106.  In  colorectal  cancer, 
gene-profiling  studies  identified  a  positive  correlation 
between  metastatic  colon  tumours  and  increased  OPN 
expression107.  More  recently,  RUNX2  and  ETS1  were 
identified  as  crucial  transcriptional  regulators  of  OPN 
expression  in  a  murine  colorectal  cancer  cell  line  and 
their  suppression  using  antisense  oligonucleotides 
resulted  in  significant  downregulation  of  OPN108.  Several 
additional  signalling  pathways  and  transcription  factors 
that  are  associated  with  cancer  progression  regulate  OPN 
expression  in  models  of  breast  cancer,  melanoma  and 
leukaemia  (for  reviews  see  REFS  4,61 ).  These  include  API, 
MYC,  OCT1  (also  known  as  POU2F1),  upstream  stimu¬ 
lating  factor  (USF),  v-Src,  transforming  growth  factor  P 
(TGFJ3)-BMP-SMAD-HOX  (homeobox),  WNT-P 
catenin-adenomatous  polyposis  coli  (APC)-  glycogen 
synthase  kinase  3  (GSK3)-transcription  factor  4  (TCF4), 
Ras-Ras  response  factor  (RRF)  and  p53.  The  global  pic¬ 
ture  of  OPN  gene  transcriptional  regulation  in  cancer 
cells  is  that  of  an  intricate  regulatory  network  Studies  of 
the  proximal  promoter  regions  of  other  SIBLING  genes 
are  needed  to  identify  regulatory  elements  that  could  be 
responsible  for  their  overexpression  in  cancer. 

Consistent  with  its  role  in  tumour  initiation  and  pro¬ 
gression,  SPP1  expression  is  also  repressed  by  tumour 
suppressors  such  as  BRCA1  and  phosphatase  and  tensin 
homologue  (PTEN),  and  metastasis  suppressors  such  as 
breast  cancer  metastasis  suppressor  1  (BRMS1).  BRCA1 
expression  inhibits  SPP1  promoter  transactivation  and 
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hence  suppresses  OPN  expression109.  A  BRCA1  mutation 
in  human  primary  breast  cancer  lesions  is  associated 
with  OPN  overexpression,  suggesting  that  it  may  confer 
increased  tissue-specific  cancer  risk,  in  part,  by  disrup¬ 
tion  of  the  suppression  of  OPN  transcription  by  BRCA1 
(REF.  109).  The  tumour  suppressor  PTEN  antagonizes 
PI3K,  which  is  responsible  for  promoting  cell  growth, 
survival  and  tumorigenesis,  when  over- stimulated  in 
cancer  cells.  OPN  was  shown  to  act  downstream  of  the 
PI3K  pathway  in  melanoma  and  glioma  cancer  cells.  A 
link  has  been  found  between  OPN  expression  at  both  the 
mRNA  and  protein  level  that  involves  PI3K  activation  of 
OPN  and  may  help  explain  how  PTEN  loss  contributes  to 
the  development  of  these  malignancies110-111.  By  contrast, 
BRMS1  inhibits  OPN  expression  through  the  inactiva¬ 
tion  of  NFkB  and  subsequent  binding  to  the  SPP1  pro¬ 
moter.  Thus,  downregulation  of  OPN  might  be  one  of  the 
mechanisms  of  metastasis  suppression  by  BRMS1  (REF.  1 1 2). 


Oncogenic 

hypophosphataemic 

osteomalacia 

Osteomalacia  (softening  of  the 
bones)  resulting  from  renal 
phosphate  wasting  and  low 
serum  1 ,25-dihydroxy  vitamin 
D  secondary  to  the  presence  of 
a  tumour  of  which  complete 
resection  results  in  rapid 
resolution  of  the  symptoms 
and  signs. 


SIBLINGS  as  prognostic  indicators  in  cancer 

The  first  SIBLING  found  to  be  overexpressed  in  cancer 
was  OPN113,114.  Since  then,  large  numbers  of  studies 
have  established  that  increased  expression  of  OPN  is  a 
consistent  feature  for  most  known  human  malignancies 
(TABLE  1 ).  Increased  expression  of  BSP  was  originally 
observed  in  human  breast  cancer64  and  its  putative  role 
in  the  acquisition  of  an  osteotropic  phenotype  by  meta¬ 
static  cancer  cells  soon  led  to  the  extension  of  this  obser¬ 
vation  to  other  bone- seeking  cancers  such  as  prostate65, 
lung66,  thyroid115  and  cervical  carcinoma116,  as  well  as 
multiple  myeloma67  (TABLE  1 ).  Recently,  BSP  was  detected 
in  pancreas117,  skin118  and  oral119  carcinomas,  a  group  of 
neoplastic  lesions  that  are  not  particularly  osteotropic 
when  they  metastasize.  These  observations  suggest  that, 
as  is  the  case  for  OPN,  BSP  expression  in  cancer  cells  is 
not  restricted  to  cancer  cells  metastasizing  to  bone  but 
is  a  common  feature  of  the  malignant  phenotype.  The 
expression  profile  in  cancer  of  the  three  other  SIBLINGS 
—  DMP1,  DSPP  and  MEPE  —  has  not  been  evaluated 
in  detail  to  date,  but  data  indicate  that  DMP1  and 
DSPP  are  upregulated  in  several  human  malignancies54. 
Immunohistochemical  studies  demonstrated  increased 
expression  of  DSPP  in  human  prostate2  and  oral119  can¬ 
cers,  and  high  levels  of  DMP1  were  observed  in  human 
lung120  and  breast121  cancers.  It  is  expected  —  based  on 
the  detection  of  DMP1  and  DSPP  in  a  variety  of  human 
malignancies  compared  with  their  normal  correspond¬ 
ing  tissues  on  a  mRNA-cDNA  array54  —  that  future 
studies  will  verify  high  expression  of  these  proteins  as 
a  consistent  feature  of  most  human  cancers  (TABLE  1 ). 
By  contrast,  MEPE  expression  seems  to  be  much  more 
restricted  than  that  of  the  other  SIBLINGS,  so  far  being 
found  to  be  expressed  in  normal  cells  associated  with 
phosphate  transport16.  Interestingly,  only  tumours  that 
result  in  oncogenic  hypophosphataemic  osteomalacia  appear 
to  express  MEPE122.  Screening  of  MEPE  expression  at  the 
mRNA  level  in  a  collection  of  human  normal  and  cancer 
tissues  revealed  minimal  expression  in  all  tissues  ana¬ 
lysed54.  This  observation  suggests  that  MEPE,  unlike  other 
SIBLINGS,  does  not  intervene  during  cancer  progression. 
The  reasons  for  this  are  still  unclear. 


Enhanced  expression  of  SIBLINGS  is  not  only  associ¬ 
ated  with  several  tumour  types,  but  their  levels  of  expres¬ 
sion  are  also  often  directly  correlated  to  specific  stages 
of  clinical  progression.  Gene  expression  analyses  have 
identified  SPP1  to  be  among  the  most  strongly  upregu¬ 
lated  genes  in  human  colon  cancer123.  In  this  study,  OPN 
expression  was  shown  to  be  an  independent  prognostic 
marker  for  poor  overall  survival.  These  observations  were 
supported  by  a  recent  study  that  found  that  colon  cancer 
patients  with  tumours  expressing  high  levels  of  OPN  have 
significantly  reduced  survival124.  In  another  study,  OPN 
was  shown  to  be  a  predictor  of  outcome  that  was  inde¬ 
pendent  of  clinical  characteristics  (such  as  age,  lesion  size 
and  histological  type)  in  ovarian  carcinoma.  The  prog¬ 
nosis  for  survival  within  36  months  was  <5%  for  patients 
with  increased  OPN  and  75%  for  those  with  no  OPN 
increase125.  Clear  cell  renal  carcinoma  patients  with  OPN- 
positive  tumours  also  exhibited  worse  prognosis  than 
patients  who  had  tumours  lacking  OPN126.  The  prognosis 
for  patients  with  increased  OPN  in  cervical  cancers  is 
also  extremely  poor,  as  none  survived  within  24  months, 
compared  with  the  67%  survival  rate  observed  within  the 
same  time  period  for  patients  with  no  OPN  increase127. 
Other  cancers  with  a  positive  correlation  between  OPN 
expression  and  poor  prognosis  are  breast128,  prostate129, 
head  and  neck130-131,  thyroid132,  non- small  cell  lung133  and 
hepatocellular134  carcinomas  (TABLE  1). 

Increased  BSP  expression  in  primary  breast135  and 
prostate65  carcinoma  is  also  associated  with  tumour  pro¬ 
gression.  In  non-small  cell  lung  carcinoma,  BSP  expres¬ 
sion  is  associated  with  bone  metastasis  development  and 
could  be  useful  in  identifying  high-risk  patients  who  could 
benefit  from  novel  modalities  of  surveillance  and  preven¬ 
tive  treatment136.  Expression  of  other  SIBLINGS  might 
also  correlate  with  tumour  progression.  DSPP  expression 
correlates  with  aggressiveness  in  human  prostate  cancers2 
and  in  oral  cancer119.  Unique  among  the  SIBLINGS,  DMP1 
expression  was  inversely  associated  with  progression  in 
human  breast  cancer121.  The  positive  prognostic  value  of 
DMP1  for  breast  cancer  patients  has  only  been  reported 
in  one  study  and  awaits  confirmation.  Small  interfering 
RNA  (siRNA)-mediated  repression  of  DMP1  enhances 
migration  of  human  breast  cancer  cells  in  vitro121.  Thus, 
it  can  be  speculated  that  the  expression  of  DMP1  alters 
cancer  cell  motility  and  hence  reduces  local  invasion 
and  metastatic  spreading.  This  effect  could  be  achieved 
through  a  competition  ofDMPl  with  BSP  and/or  OPN  for 
their  binding  to  the  cell  membrane  integrin  receptors  and 
the  subsequent  activation  of  their  corresponding  MMP 
partner.  Such  putative  mechanisms  urge  investigations 
of  whether  modulation  of  SIBLING  expression  might 
differentially  affect  cancer  cell  behaviour. 

SIBLINGS  can  also  be  detected  in  the  blood,  and  it  is 
therefore  not  surprising  that  several  studies  have  estab¬ 
lished  a  correlation  between  blood  levels  of  OPN  and  BSP 
and  the  presence  of  a  malignant  tumour.  However,  the 
high  affinity  interaction  of  CFH  with  several  SIBLINGS, 
including  OPN  and  BSP84,  masks  all  known  antibody¬ 
binding  sites  and  therefore  interferes  with  accurate 
direct  measurement  of  these  proteins  in  the  serum137. 
Interestingly,  this  masking  implies  that  the  biological 
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Figure  4  |  SIBLINGS  and  their  cell  receptors  are  potential  therapeutic  targets  for 
cancer  therapy.  Suppression  of  the  expression  of  small  integrin-binding  ligand  N-linked 
glycoproteins  (SIBLINGS)  in  cancer  cells  at  the  level  of  mRNA  can  be  accomplished 
through  RNA  interference  by  the  use  of  specific  small  interfering  RNAs(siRNAs)  or  short 
hairpin  RNAs  (shRNAs).  Blocking  of  tumour-derived  SIBLINGS  at  the  protein  level  by 
specific  blocking  peptides  and  antibodies  reduces  tumour  progression  and  metastatic 
dissemination  because  it  affects  interactions  of  SIBLINGS  with  their  receptors  on  the 
cancer  cell  surface.  This  might  result  in  the  dysfunction  of  signalling  pathways  that  affect 
tumour  cell  proliferation  and  survival.  Because  SIBLINGS  exert  their  effects  principally 
through  integrins  and  CD44,  antibody-mediated  interference  with  these  receptor- 
ligand  interactions  or  suppression  of  associated  signal  transduction  events  are  other 
potential  means  to  restrain  tumour  progression.  Inhibition  of  the  binding  of  SIBLINGS  to 
endothelial  cell  surface  integrin  receptors  triggers  endothelial  cell  apoptosis  and  can 
thereby  decrease  tumour-associated  angiogenesis. 


activities  of  OPN  and  BSP  might  be  limited  to  autocrine 
and/or  paracrine  effects  as  the  abundant  (0.5  mg/ml  in 
blood)  complement  protein  will  quickly  bind  and  inac¬ 
tivate  them  as  they  diffuse  away  from  their  sites  of  secre¬ 
tion  and  action.  OPN,  however,  is  interesting  because 
5-10%  of  the  total  amount  of  this  SIBLING  in  the  blood 
escapes  the  masking  by  CFH  by  mechanisms  that  are  cur¬ 
rently  unknown.  Through  careful  preparation  of  plasma, 
this  fraction  of  OPN  has  been  successfully  used  in  many 
studies,  as  mentioned  below,  but  when  serum  is  analysed 
this  fraction  is  masked  by  CFH.  One  confounding  factor 
for  the  use  of  blood  OPN  levels  is  that  inflammation  also 
increases  OPN  levels138.  In  patients  with  bone  metastases, 
increased  plasma  (not  serum)  levels  of  OPN  have  been 
suggested  to  be  the  result  of  both  cancer  cell  secretion  and 
accelerated  bone  turnover34.  Similar  to  increased  expres¬ 
sion  in  tumour  cells  themselves,  increased  OPN  plasma 
levels  appears  to  be  a  marker  for  metastatic  progression 


and  poor  survival  in  patients  with  breast139,  prostate140, 
renal  cell141,  lung142,  gastric143,  head  and  neck144,  hepato¬ 
cellular145,  cervical127  and  pancreatic  cancers146.  Serum 
BSP  (after  disruption  of  the  SIBLING-CFH  complex) 
is  significantly  increased  in  patients  with  colon,  breast, 
prostate  and  lung  cancer137.  BSP  blood  level  also  predicts 
bone  metastasis  development  in  patients  with  breast 
cancer147;  predicts  tumour  burden,  neoplastic  bone 
involvement  and  prognosis  in  multiple  myeloma148;  and 
is  an  independent  prognostic  factor  for  human  prostate 
cancer-related  death149.  No  data  on  the  blood  levels  of 
DMP1,  DSPP  or  MEPE  in  human  malignancies  are 
available.  Although  detection  of  increased  blood  levels 
of  OPN  and  BSP  bear  obvious  diagnostic  and  prognostic 
value,  such  tests  are  not  yet  available  to  clinicians. 

SIBLINGS  as  therapeutic  targets 

Because  of  the  plausible  roles  of  SIBLINGS  in  cancer 
as  pro-oncogenic,  pro-metastatic  and  pro-angiogenic 
molecules,  these  proteins  also  have  the  potential  to  be 
valuable  targets  for  cancer  therapy  (FIG.  4). 

Several  studies  have  already  demonstrated  the  value  of 
OPN  and  BSP  as  therapeutic  targets  in  preclinical  animal 
models.  Silencing  these  SIBLINGS  using  siRNA  and  short 
hairpin  RNA  (shRNA)  technology,  or  interfering  with 
their  activities  using  specific  antibodies,  inhibits  or  reduces 
tumour  progression  and  the  development  of  metastases. 
Decreasing  expression  of  OPN  in  human  squamous 
oesophagus  carcinoma  using  shRNA  reduces  tumour 
growth  and  lymph  node  metastases  in  vivo150.  Similar 
experiments  performed  on  murine  colon  cancer  cells  led 
to  the  inhibition  of  tumour  growth  and  the  formation  of 
liver  metastases151.  Silencing  of  OPN  or  BSP  using  specific 
antisense  oligonucleotides  in  a  human  breast  cancer  cell 
line  resulted  in  a  significant  decrease  of  osteolytic  bone 
metastases  in  nude  rats62.  Although  the  use  of  RNA  inter¬ 
ference  for  therapy  is  attractive,  much  work  remains  before 
such  therapeutics  become  available  to  patients152. 

Antibody-based  anticancer  therapies,  such  as  anti¬ 
bodies  directed  against  vascular  endothelial  growth  fac¬ 
tor,  have  recently  met  with  clinical  success  and  are  now 
becoming  available  to  cancer  patients153.  Antibodies 
directed  against  OPN  were  effective  in  inhibiting  devel¬ 
opment  of  lung  metastases  in  nude  mice  inoculated  with 
human  hepatocellular  carcinoma  cells.  In  this  case,  OPN, 
which  has  been  identified  as  a  major  gene  in  the  signature 
for  hepatocellular  carcinoma,  acts  as  both  a  diagnostic 
marker  and  therapeutic  target  for  metastatic  dissemina¬ 
tion154.  Anti-BSP  antibodies  also  have  therapeutic  poten¬ 
tial  particularly  for  the  prevention  and  treatment  of  breast 
cancer  bone  metastases,  as  suggested  by  the  significant 
reduction  of  osteolytic  lesion  size  in  a  nude  rat  model  of 
human  breast  cancer  bone  metastases155. 

Both  integrins  and  CD44  have  well-established  roles 
in  tumour  progression.  Therefore,  interfering  with  these 
receptor-ligand  interactions  by  controlling  receptor  cell 
surface  expression,  blocking  receptor-ligand  binding  or 
suppressing  associated  signal  transduction  are  promis¬ 
ing  ways  to  block  both  tumour  development  and  meta¬ 
static  dissemination  (FIG.  4).  CD44  has  been  targeted 
by  diverse  therapeutic  strategies,  including  cytotoxic 
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and  immunotherapeutic  approaches156.  Because  of  its 
involvement  in  many  processes  that  accompany  tumour 
development  and  metastatic  dissemination  of  cancers, 
av|33  integrin  has  long  been  a  candidate  target  for  can¬ 
cer  therapy  by  specific  antibodies,  peptide  inhibitors 
and  non-peptide  antagonists  that  mimic  the  binding 
domain  of  physiological  ligands156,157.  Proof  of  princi¬ 
ple  that  such  strategies  block  angiogenesis,  as  well  as 
tumour  growth  and  dissemination,  has  been  obtained 
in  several  animal  models  and  small  molecule  inhibitors 
of  this  receptor  are  under  study  as  drug  candidates. 

Finally,  the  ectopic  expression  of  BSP  in  osteotropic 
neoplasms  recently  inspired  a  gene  therapy  protocol  in 
bladder  cancer  using  a  conditional-replicating  adeno¬ 
virus.  A  truncated  IBSP  promoter  controlling  the  El  A/B 
lytic-regulating  sequence  was  used  to  construct  the 
adenovirus  AD-BSP-E1A.  This  virus  had  lytic  activity 
on  human  bladder  cancer  cell  lines  and  significantly 
reduced  the  size  of  bladder  tumours  in  an  orthotopic 
mouse  model,  opening  a  promising  new  strategy  for  the 
treatment  of  aggressive  yet  sensitive  bladder  tumours158. 

From  the  results  so  far,  one  can  speculate  that 
SIBLINGS  (particularly  OPN  and  BSP)  are  viable  tar¬ 
gets  that  seem  likely  to  form  the  basis  of  new  anticancer 
therapies  in  the  future. 

Conclusions  and  future  directions 

The  aim  of  this  Review  is  to  present  an  overview  of  some 
of  the  data  that  implicate  the  SIBLING  family  at  several 
steps  of  cancer  development  and  progression.  Although 
OPN  is  the  family  member  for  which  there  is  the  most 
abundant  and  convincing  data  of  its  role  as  a  key  player  at 
most  of  the  critical  steps  in  the  evolution  of  malignancies, 
studies  have  revealed  that  BSP  holds  the  same  multifunc¬ 
tional  role  in  cancer  biology.  Such  activities  are  expected 
to  be  associated  with  DSPP  and  DMP1  also. 

Much  remains  to  be  learned  about  the  involvement  of 
SIBLINGS  in  cancer  progression,  and  we  hope  this  Review 
will  inspire  cancer  researchers  to  look  more  closely  at 
this  family.  Future  investigations  should  validate  the  use 
of  SIBLINGS  as  prognostic  markers  in  large  population 


studies,  determine  their  value  as  surrogate  markers  for  the 
prediction  of  metastases  in  cancer  patients  and  explore 
their  potential  as  predictive  indicators  of  the  patient 
response  to  a  given  therapy  (chemotherapy  and/or  radio¬ 
therapy).  Studies  are  also  needed  to  test  the  potential  value 
of  SIBLINGS  as  markers  for  the  difficult  diagnosis  of  pre- 
cancerous  lesions  such  as  those  found  in  breast,  prostate, 
colon  and  oral  tumours.  Refining  our  knowledge  of  the 
mechanisms  involved  in  how  SIBLINGS  modulate  MMPs 
(in  the  absence  and/or  presence  of  natural  or  synthetic 
MMP  inhibitors)  could  lead  to  the  development  of  poten¬ 
tial  biomimetics  for  use  in  interventions.  It  is  also  of  inter¬ 
est  to  determine  the  biological  relevance  of  the  interactions 
between  SIBLINGS  and  CFH.  For  therapeutic  strategies, 
the  potential  synergy  of  the  combined  repression  of  two 
or  more  SIBLINGS  should  also  be  tested. 

SIBLINGS  have  the  biological  plausibility  to  have 
active  roles  in  tumour  cell  adhesion,  proliferation,  inva¬ 
sion,  matrix  degradation,  immune  functions  (inflam¬ 
mation  and  complement  evasion),  angiogenesis  and 
metastasis.  Based  on  the  data  accumulated  so  far,  it  is 
tempting  to  speculate  that  one  of  the  major  roles  for 
SIBLINGS  and  their  proteolytic  fragments  is  to  orches¬ 
trate,  in  the  near  proximity  of  cancer  cells,  a  dynamically 
changing  microenvironment  that  supports  the  key  local 
steps  that  need  to  be  temporally  and  spatially  coordinated 
for  successful  invasion.  These  include  adhesion  through 
interactions  with  specific  integrins,  matrix  degradation 
through  localization  and  perhaps  activation  of  MMPs, 
and  migration  through  activation  of  selective  signalling 
pathways.  Such  multifunctional  activities  are  possible 
thanks  to  the  abilities  of  SIBLINGS  to  bind  multiple  pro¬ 
teins.  It  is  also  likely  that  SIBLINGS  are  crucial  for  tumour 
growth  and  metastasis  because  they  may  participate  in 
angiogenesis.  The  possible  collaboration  and/or  compe¬ 
tition  between  SIBLINGS  during  these  processes  remain 
to  be  elucidated  by  future  research.  Although  acquisition 
of  new  data  is  crucial,  the  results  to  date  make  a  case  for 
the  future  of  SIBLINGS  as  prominent  molecular  tools 
for  diagnostic,  prognostic  and  therapeutic  applications 
in  cancer. 
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Small  Integrin  Binding  Proteins  as  Serum  Markers  for  Prostate  Cancer  Detection.  Alka 
Jain  &  Neal  S.  Fedarko.  Johns  Hopkins  University,  Baltimore,  MD,  21224 

Prostate  cancer  is  the  leading  cancer  diagnosed  among  men  in  the  United  States. 

Detection  is  currently  based  on  symptom  presentation,  physical  examination  including  a 
digital  rectal  exam  (DRE),  measuring  serum  levels  of  pro  state- specific  antigen  (PSA)  and 
biopsy.  Both  the  DRE  and  PSA  tests  suffer  from  drawbacks,  including  an  inability  to 
detect  early  disease  and  are  sometimes  uninformative  in  terms  of  predicting  disease 
progression.  We  have  been  studying  a  gene  family,  termed  SIBLINGS  for  Small  Integrin 
Binding  Ligand  N-linked  Glycoproteins)  which  are  normally  restricted  in  expression  to 
skeletal  tissue,  but  are  also  induced  in  different  cancers.  At  least  three  SIBLINGS  have 
the  capacity  to  bind  to  and  modulate  the  activity  of  specific  matrix  metalloproteinases. 
Because  matrix  metalloproteinases  play  a  central  role  in  tumor  growth  and  progression, 
we  hypothesize  that  SIBLINGS  may  have  an  active  role  in  prostate  cancer  development 
and  furthermore  that  SIBLING  levels  in  serum  may  be  informative  marker  for  prostate 
cancer  detection.  We  have  developed  competitive  ELISA  tests  for  quantitatively 
determining  the  levels  of  four  SIBLINGS:  bone  sialoprotein  (BSP),  dentin  sialophos- 
phoprotein  (DSPP),  matrix  extracellular  phosphoglycoprotein  (MEPE),  and  osteopontin 
(OPN).  We  have  applied  the  assays  to  the  analysis  of  110  prostate  cancer  serum  samples 
(mean  age  63  +  5  years)  and  compared  the  distribution  to  that  from  110  normal  subjects 
(mean  age  65  +  10  years).  The  mean  values  for  the  normal  population  were  114  +  63 
ng/ml  for  BSP,  42  +  15  ng/ml  for  DSPP,  93  +  19  ng/ml  for  MEPE,  and  353  +130  ng/ml 
for  OPN.  The  mean  values  for  the  prostate  cancer  group  were  348  +  58  ng/ml  for  BSP, 

167  +  91  ng/ml  for  DSPP,  80  +  11  ng/ml  for  MEPE,  and  537  +  169  ng/ml  for  OPN. 
Receiver  operator  characteristic  (ROC)  curves  were  also  determined  for  each  marker. 
While  there  was  overlap  between  the  high  end  of  normal  BSP  levels  with  the  low  end  of 
the  prostate  cancer  group,  the  area  under  the  ROC  curve  (AUC)  was  a  significant  0.92. 
The  SIBLING  DSPP  exhibit  the  greatest  difference  between  normal  sera  and  sera  derived 
from  prostate  cancer  subjects  with  an  AUC  of  98.  Although  there  was  a  fair  amount  of 
overlap  between  high-end  normal  OPN  levels  and  low  end  prostate  cancer  sera  OPN 
levels,  the  determined  AUC  was  0.81.  The  markers  with  discriminatory  power  (BSP, 
DSPP  and  OPN)  were  compared  to  PSA  values  determined  on  the  same  subjects.  BSP  & 
OPN  positively  correlated  with  PSA  levels,  while  DSPP  did  not. 
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ABSTRACT 


SIBLINGS  (Small  Integrin  Binding  Ligand  N-linked  Glycoproteins)  are  normally 
restricted  in  expression  to  skeletal  tissue,  but  are  also  induced  in  different  cancers. 
SIBLING  family  members  include  bone  sialoprotein  (BSP),  dentin  matrix  protein- 1 
(DMP1),  dentin  sialophosphoprotein  (DSPP),  matrix  extracellular  phosphoglycoprotein 
(MEPE),  and  osteopontin  (OPN).  When  the  expression  levels  of  SIBLINGS  in  normal 
prostate  and  in  prostate  cancer  were  determined  by  cDNA  array  and  by 
immunohistochemical  staining  of  biopsies  with  monoclonal  antibodies  against  the 
SIBLINGS,  elevated  levels  was  observed  for  BSP,  DMP1,  DSPP  and  OPN.  Competitive 
ELISA  tests  for  quantitatively  determining  the  total  levels  of  SIBLINGS  were  developed 
and  applied  to  the  analysis  of  102  prostate  cancer  serum  samples  (mean  age  63  +  5  years) 
and  compared  the  distribution  to  that  from  110  normal  subjects  (mean  age  65  ±  10  years). 
The  mean  values  for  the  normal  population  were  114  +  63  ng/ml  for  BSP,  242  +  122 
ng/ml  for  DSPP,  93  +  19  ng/ml  for  MEPE,  and  353  +  130  ng/ml  for  OPN.  The  mean 
values  for  the  prostate  cancer  group  were  222  +  98  ng/ml  for  BSP,  1500  +  500  ng/ml  for 
DSPP,  80+11  ng/ml  for  MEPE,  and  537  +  170  ng/ml  for  OPN.  Receiver  operator 
characteristic  (ROC)  curves  yielded  area  under  the  curve  (AUC)  values  of  AUC  of  98  for 
DSPP,  0.84  for  BSP  and  0.81  for  OPN.  When  cancer  samples  were  segregated  by  stage, 
BSP  and  OPN  levels  were  significantly  elevated  only  in  late  stages  (when  the  tumor  had 
spread  beyond  the  prostate  gland),  while  DSPP  was  significantly  elevated  in  early  stages. 
OPN,  but  not  BSP  or  DSPP  correlated  positively  with  both  serum  prostate  specific 
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antigen  (PSA)  and  the  immune  activation  marker  neopterin.  The  elevated  levels  of  DSPP 
in  serum  was  confirmed  by  another  method  of  detection  employing  SDS  PAGE  and 
western  blotting.  Of  the  SIBLING  gene  family  members,  DSPP  appears  to  be  a  strong 
candidate  for  use  in  prostate  cancer  detection. 
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INTRODUCTION 


Prostate  cancer  is  the  leading  cancer  diagnosed  among  men  in  the  United  States 
(1).  Detection  is  currently  based  on  symptom  presentation,  physical  examination 
including  a  digital  rectal  exam  (DRE),  measuring  serum  levels  of  pro  state- specific 
antigen  (PSA)  and  biopsy.  PSA  measures  have  a  significant  rate  of  false  positive  test 
results  (the  PSA  is  elevated  but  no  cancer  is  present)  that  are  associated  with  additional 
medical  procedures,  significant  financial  costs  and  mental  stress  (2,  3).  In  addition  both 
DRE  and  PSA  do  not  detect  early  tumors  and  are  sometimes  uninformative  in  terms  of 
predicting  disease  progression.  Biopsies  performed  for  confirmation  of  abnormal  test 
results  or  to  follow  disease  progression  or  response  to  treatment  can  have  side-effects  that 
impact  profoundly  upon  the  quality  of  life  (4). 

We  have  been  studying  members  of  a  gene  family  (termed  SIBLINGS  for  Small 
Integrin  Binding  Ligand  N-linked  Glycoproteins)  that  share  conserved  motifs  including: 
an  abundance  of  acidic  amino  acids,  the  integrin-binding  tripeptide,  RGD;  similar  post- 
translational  modification  motifs  (e.g.  casein  kinase  phosphorylation  and  various 
glycosylation  events);  and  at  least  one  site  of  controlled  proteolysis.  SIBLINGS  are 
normally  expressed  in  skeletal  tissue  (5),  are  also  induced  in  different  cancers  (6),  and 
have  been  shown  to  bind  and  modulate  matrix  metalloproteinase  (MMP)  activity  through 
both  the  activation  of  the  latent  pro-enzyme  and  reactivation  of  tissue  inhibitor  of  matrix 
metalloproteinase  (TIMP)-inhibited  MMP  (7,  8).  MMPs  have  a  well  defined  role  in 
tumor  angiogenesis,  progression  and  metastasis  (9).  The  biological  activities  of 
SIBLINGS  and  MMPs  are  consistent  with  a  role  for  SIBLINGS  in  early  tumor 
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progression.  This  biological  plausibility  suggests  that  the  levels  of  these  proteins  in  blood 
may  be  used  not  only  as  adjuncts  to  conventional  detection  of  prostate  cancer,  but  also  as 
serological  markers  for  prostate  cancer  progression  (10).  A  confounding  facet  of  prostate 
cancer  is  the  variable  nature  of  progression  (growth  rate,  metastasis,  etc.)  and  the  absence 
of  non-invasive  markers  that  consistently  track  with  progression.  The  characterization  of 
novel  serum  markers  whose  levels  may  correlate  with  disease  progression  has  the 
potential  to  benefit  individuals  with  prostate  cancer  across  the  spectrum  from  early 
detection  to  disease  progression  monitoring  and  modulating  therapy. 


METHODS 

Sample  recruitment.  Normal  subjects  (n  =  110)  were  obtained  under  IRB 
approved  protocols  from  the  Johns  Hopkins  Bayview  Medical  Center  General  Clinical 
Research  Center  (JHBMC).  The  JHBMC  normal  group  was  obtained  from  an  existing 
serum  bank  using  samples  from  which  all  patient  identifiers  were  removed.  For  this 
study,  inclusion  criteria  as  a  normal  serum  donor  included  measures  within  the  normal 
range  for  fasting  glucose  (<  100  mg/dl),  TSH  (0.5  -  2.1  mlU/mL),  BMI  (20  -  25  kg/m2)  as 
well  as  a  physical  assessment  by  a  physician.  Exclusionary  criteria  included  a  previous 
history  of  hypertension,  heart  disease,  diabetes  mellitus,  renal  or  hepatic  dysfunction, 
cancer,  or  any  chronic  inflammatory  condition  (e.g.,  rheumatoid  arthritis).  Prostate  cancer 
sera  (n  =  102)  and  tissue  biopsies  from  subjects  recently  diagnosed  with  prostate  cancer, 
prior  to  initiation  of  treatment,  were  obtained  through  commercial  biorepositories  (East 
Coast  Biologies,  Inc.,  NorthBerwick,  Maine;  Promedx,  Inc.,  Norton,  MA;  LifeSpan 
BioSciences  Inc.  Seattle,  WA). 
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SIBLING  probes  and  prostate  cancer  array  analysis.  A  cancer  profiling  array 
(Clontech,  Palo  Alto,  CA)  containing  normalized  cDNA  from  tumor  and  corresponding 
normal  tissues  from  4  individual  patients  with  prostate  cancer  was  employed  to  screen  for 
SIBLING  as  previously  described  (6).  Briefly,  several  cancer  profiling  arrays  were 
hybridized  in  ExpressHyb  hybridization  solution  with  “P-labeled  cDNA  probes  for 
specific  SIBLINGS  as  per  the  manufacture’s  instructions.  Washed  membranes  were 
quantified  by  exposure  to  Phosphorlmager  screens  for  up  to  24  hours  and  the  exposed 
screen  analyzed  on  a  Phosphorlmager  (Molecular-  Dynamics)  using  the  manufacturer’s 
ImageQuant  program.  The  labeled  DNA  probes  for  human  BSP  and  OPN  were  cDNA 
inserts  released  from  OP-10  and  B6-6g  plasmids  respectively  (11,  12);  for  human  DMP1, 
a  ~1.4  kbp  coding  region  of  exon  6  was  employed  (13).  For  the  MEPE  probe  (1.4  kbp) 
and  DSPP  probe  (2.64  kbp),  the  labeled  probes  were  the  same  cDNA  inserts  that  were 
used  in  making  the  recombinant  protein  (14,  15). 

Antibodies.  The  production  of  monoclonal  antibodies  raised  against  specific 
SIBLINGS  has  been  previously  described  (16).  The  polyclonal  antibodies  against  BSP, 
DMP1,  MEPE  and  OPN  used  in  enzyme  immunoassays  and  western  blotting  have  been 
previously  characterized  (17-19).  A  polyclonal  antibody  for  DSPP  was  developed  as 
follows.  Recombinant  human  DSP  fragment  (T132-D373)  was  made  by  PCR  of  this 
portion  of  exon  4  from  human  genomic  DNA  using  a  high  fidelity  DNA  polymerase  and 
oligonucleotides  that  introduced  an  in-frame  Ndel  site  at  the  5'  end  and  an  added  stop 
codon  plus  BamHI  site  at  the  3'  end  of  the  PCR  product.  The  purified  PCR  product  was 
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digested  with  Ndel  and  BamHI,  ligated  into  prepared  pET-15b  (Novagen/EMD 
Biosciences,  LaJolla,  CA)  bacterial  expression  vector.  The  protein  made  in  E.  coli  was 
purifed  on  His-Bind  resin  (Novagen),  dialized  against  water,  freeze-dried,  and  four 
injections  of  -250  ug  protein  each  was  made  in  rabbit  LF-151  using  animal  care  &  use 
committee- approved  protocols  at  an  AAALAC-approved  facility.  Bleeds  were  taken 
every  two  weeks  to  produce  the  antiserum  used. 

Immunohistochemistry  methods.  Tissue  slides  were  prepared  from  commercially 
available  human  prostrate  biopsies.  In  brief,  after  being  fixed  in  Formalin  and  embedded 
in  paraffin  wax,  4  pm  sections  of  tissue  were  prepared  and  placed  on  pre-cleaned  and 
charged  microscope  slides.  Slides  were  dried  in  a  tissue  drying  oven  for  45  minutes  at 
60°C.  Antigen  retrieval  was  carried  out  after  deparaffinization  and  rehydration  by 
steaming  slides  in  0.01M  Sodium  citrate  buffer,  pH  6.0  at  99-100°  C  for  20  minutes. 
Slides  were  removed  from  heat  and  let  stand  at  room  temperature  in  buffer  for  20 
minutes.  Slides  were  placed  in  universal  protein  block  for  20  minutes  at  room 
temperature  after  being  rinsed  in  Tris  buffered  saline,  0.05  M  Tris-HCl,  pH  7.5,  0.15  M 
NaCl  containing  0.05%  Tween  20  (TBS-T).  Slides  were  then  treated  with  monoclonal 
antibodies  developed  against  specific  SIBLINGS.  Antibodies  LFMAb25,  LFMAb31, 
LFMAb21  and  LFMAbl4  were  used  at  10  pg/ml,  lOpg/ml,  0.625pg/ml  and  2.5pg/ml  to 
detect  the  levels  of  BSP,  DMP,  DSPP  and  OPN,  respectively.  After  being  exposed  to 
biotinylated  anti-mouse  secondary  antibody,  and  alkaline  phosphatase  streptavidin, 
slides  were  treated  with  Vector  red  alkaline  phosphatase  substrate.  This  substrate  system 
produces  a  pinkish-red  reaction  product. 
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ELISA  sample  preparation.  SIBLINGS  present  in  human  serum  are  complexed 
with  complement  Factor  H  (19,  20).  Taking  advantage  of  the  properties  of  SIBLINGS 
that  they  have  a  flexible  structure  (21)  and  also  are  highly  negatively  charged  due  to  their 
content  of  acidic  amino  acids  and  sialic  acid  residues,  the  binding  complexes  in  serum 
can  be  disrupted  to  enable  total  SIBLING  levels  to  be  measured  (17).  Briefly,  serum 
samples  are  denatured  and  reduced  to  disrupt  complexes,  subjected  to  strong  anion 
exchange  chromatography  to  remove  reagents  that  interfere  with  antibody  binding,  and 
then  the  samples  are  analyzed  by  competitive  ELISA  for  total  SIBLING  levels  (17,  18). 
Uncomplexed  OPN  (that  is  presumably  not  bound  to  complement  factor  H)  can  be 
measured  in  plasma/serum  by  directly  assaying  the  sample  with  no  prior  chaotropic 
treatment  (22).  Appropriate  samples  to  measure  free  OPN  in  a  subset  of  40  normal  and 
prostate  cancer  patient  samples  were  also  taken  for  analysis  by  competitive  ELISA. 

ELISA  procedures.  Greiner  high  binding  plates  were  coated  with  20  ng/ml  BSP 
or  OPN,  10  ng/ml  MEPE,  or  25  ng/ml  DSPP  overnight  in  50  mM  carbonate  buffer,  pH 
8.0.  Recombinant  human  BDP,  and  OPN  were  expressed  and  purified  as  previously 
described  (7).  Recombinant  human  MEPE  was  generated  and  isolated  as  previously 
described  (18).  Samples  and  standards  were  incubated  for  2  h  with  shaking  at  room 
temperature  with  primary  antibody.  Primary  antibodies  used  were  a  1:200,000  dilution  of 
LF-100  antibody  (for  BSP)  or  1:100,000  of  LF-124  antibody  (for  OPN),  or  a  1:200,000 
dilution  of  LF-155  antibody  (for  MEPE)  or  a  1:100,000  dilution  of  LF-151  (for  DSPP)  in 
TBS-T  in  polypropylene  96  well  plates.  During  the  2  h  incubation,  antigen  coated  plates 
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were  blocked  with  protein-free  blocking  buffer  in  TBS  (Thermo  Fisher  Scientific). 
Antigen  coated  plates  were  then  rinsed  three  times  with  TBS-T  and  the  antibody- sample 
solution  added  to  the  wells.  After  a  second  incubation  for  1  h  at  room  temperature  with 
shaking  the  plates  were  washed  three  times  with  TBS-T.  A  secondary  antibody  of  goat 
anti-rabbit  peroxidase-labeled  antibody  conjugate,  human  serum  adsorbed  (Kierkagaard 
&  Perry,  Gaithersburg,  MD)  at  1:2000  was  then  added  and  the  plates  incubated  for  lh. 
After  three  washes  with  TBS-T,  substrate  (3.3’,5,5”-tetramethylbenzidine  microwell 
peroxidase  substrate,  BioFX  Laboratories)  was  added  and  after  a  final  20  min  incubation 
the  color  reaction  was  stopped.  Absorbance  was  read  at  450  nm  and  the  data  analyzed 
using  the  program  AssayZap  (BioSoft,  Cambridge,  UK).  Commercial  ELIS  As  to  measure 
total  prostate  specific  antigen  (PSA)  and  the  immune  activation  marker  neopterin  were 
obtained  from  ALPCO  Diagnostics  (Salem,  NH). 

SDS  PAGE  and  Western  blot.  Serum  samples  from  normal  and  prostrate  cancer 
subjects  were  diluted  10X  in  50%  formamide  buffer  and  reduced  with  lOmM  DTT. 
Reduced  serum  samples  were  resolved  by  SDS-  PAGE  4  -12  %  Bis-Tris  gels  (Invitrogen 
Inc.)  and  then  transferred  to  nitrocellulose  membrane  following  standard  conditions. 
Nitrocellulose  membrane  were  rinsed  with  TBS-T.  After  a  1-h  incubation  in  protein-free 
TBS  blocking  buffer  at  room  temperature  on  a  rotary  shaker,  primary  antibody  was  added 
at  1:2000  dilution  and  incubated  overnight  at  4  C.  The  nitrocellulose  membrane  was 
subsequently  washed  in  TBS-T  three  times  for  5  min  each  time  and  then  second  antibody 
in  protein-free  TBS  blocking  buffer  was  added  and  incubated  for  2  h  at  room 
temperature.  Following  removal  of  the  second  antibody  solution  the  membrane  was 
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washed  three  times  with  TBS-T  and  incubated  for  5  minutes  in  SuperSignal  West 


DuraSubstrate  (Thermo  Fisher  Scientific)  working  solution.  The  chemiluminescent  signal 
was  captured  using  Gel  Logic  2200  imaging  system. 


RESULTS 


SIBLING  expression 

Separate  studies  have  previously  reported  individual  elevated  expression  of  BSP, 
OPN  and,  most  recently,  DSPP  by  prostate  tumors  (23-25).  The  expression  levels  of  all 
five  SIBLINGS  by  prostate  tumors  were  determined  using  a  commercial  cancer  array 
containing  normalized  cDNA  from  both  the  tumor  and  normal  tissue  from  the  same 
subject.  Patient  cDNA  was  reacted  with  probes  for  BSP,  DMP1,  DSPP,  MEPE  and  OPN, 
the  amount  of  hybridized  probe  was  quantified  and  the  expression  levels  between  normal 
and  tumor  tissue  were  compared  (Figure  1).  Normal  prostate  tissue  expressed  BSP, 
DMP1,  DSPP  and  MEPE  at  very  low  levels.  Relative  to  normal  tissue  expression,  the 
average  levels  were  elevated  at  least  9-fold  for  BSP,  DMP1,  and  DSPP,  while  MEPE  was 
not  significantly  elevated.  OPN,  which  yielded  the  highest  relative  level  of  SIBLING 
mRNA  expression,  was  elevated  an  average  of  only  4-fold  in  tumors,  given  that  normal 
prostate  tissue  expression  of  OPN  was  significant. 

SIBLING  immunohistochemistry 

The  observation  of  elevated  SIBLING  expression  in  samples  from  subjects  with 
prostate  cancer  lead  to  a  screening  of  SIBLING  protein  levels  in  tumor  tissue  by 
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immunohistochemistry.  Serial  sections  of  biopsies  from  prostate  cancer  subjects  were 
reacted  with  monoclonal  antibodies  against  BSP,  DMP1,  DSPP  and  OPN  (Figure  2). 
Positive  immunoreactivity,  as  indicated  by  pinkish-red  color  development,  was  observed 
for  these  four  SIBLINGS,  consistent  with  the  expression  data.  Immunoreactive  staining 
for  MEPE  was  not  detectable  in  the  prostate  cancer  biopsy  sections  (data  not  shown). 

SIBLINGS  in  serum 

The  levels  of  SIBLINGS  in  blood  samples  from  a  large  normal  group  and  a  group 
with  prostate  cancer  were  then  analyzed.  Samples  from  the  prostate  cancer  group  were 
obtained  at  diagnosis  and  prior  to  treatment.  Competitive  ELISAs  for  quantitatively 
determining  the  levels  of  total  BSP,  DSPP,  MEPE  and  OPN  were  developed  and  applied 
(a  ELISA  for  DMP1  has  had  recurrent  issues  with  the  stability  of  the  recombinant  DMP1 
protein  standard).  The  levels  of  BSP,  OPN  and  DSPP  protein  were  elevated,  though  for 
BSP  and  OPN  there  was  overlap  between  the  high  end  of  normal  levels  with  the  low  end 
of  the  prostate  cancer  group  (Figure  3  a  -  c).  Mean  values  in  prostate  cancer  were 
elevated  2-fold  higher  for  BSP,  6-fold  higher  for  DSPP,  1.5-fold  higher  for  OPN,  while 
average  MEPE  values  were  no  different  between  cancer  and  normal  (Table  I).  Receiver 
operator  characteristic  (ROC)  curves  yielded  area  under  the  curve  (AUC)  values  very 
significant  for  DSPP  (Figure  3  d  -  f). 

The  prostate  cancer  samples  were  evenly  distributed  between  stages  II,  III  and  IV; 
where  stage  II  cancer  is  localized  within  the  prostate  but  palpable,  stage  III  cancer  has 
broken  through  the  covering  of  the  prostate  but  is  still  regional,  and  stage  IV  cancer  has 
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spread  to  other  tissues.  When  the  distribution  of  BSP,  OPN  and  DSPP  were  profiled  by 
stage  using  Tukey  box  plots,  discrete  patterns  were  observed  (Figure  4  a  -  c).  Both  BSP 
and  OPN  only  significantly  increased  in  late  stage  disease,  while  DSPP  was  elevated 
from  stage  II  onward.  Because  PSA  is  used  as  a  screening  tool  for  prostate  cancer,  the 
levels  of  PSA  were  determined  and  compared  with  SIBLING  values  for  subjects  with 
prostate  cancer  (Figure  4  d  -  f).  The  correlation  between  SIBLING  and  PSA  was  tested 
by  Spearman  correlation  given  the  non-parametric  distribution  of  PSA.  The  serum  levels 
of  OPN  were  significantly  positively  correlated  with  total  PSA  levels,  Spearman  r  =  0.72, 
p  <  0.0001;  while  the  levels  of  BSP  and  DSPP  were  not  significantly  correlated  with  PSA 
values. 


OPN  apparently  exists  in  both  free  and  bound  forms  in  serum  and  plasma  as  a 
number  of  studies  have  measured  OPN  directly  in  plasma/serum  without  pretreatment  of 
the  sample  with  reducing  or  chaotropic  agents  to  disrupt  binding  (26-33).  A  subset  of 
normal  and  prostate  cancer  subjects  (n  =  50)  had  blood  specimens  processed 
appropriately  for  measuring  free  OPN.  The  average  level  of  free  OPN  accounted  for  13 
%  of  total  OPN  in  normal  samples  and  23%  of  total  OPN  in  prostate  cancer  samples 
(Table  I).  Free  OPN  in  prostate  cancer  samples  were  3 -fold  higher  then  in  normal 
samples  (Figure  5a).  ROC  curve  analysis  revealed  that  free  OPN  had  a  better 
discriminatory  power  then  total  OPN  (Figure  5b).  Free  OPN  also  yielded  an  average 
increase  in  levels  across  all  stages,  in  contrast  to  total  OPN  (Figure  5c).  Free  OPN 
exhibited  a  significant  correlation  with  PSA,  Spearman  r  =  0.71,  p  <  0.0001,  similar  to 
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that  observed  for  total  OPN  (Figure  5d).  Finally,  free  and  total  OPN  were  found  to  be 
significantly  correlated  as  assessed  by  Spearman  correlation,  r  =  0.47,  p  <  0.005. 

Besides  skeletal  tissue  and  tumors,  OPN  is  also  expressed  by  macrophages  (34, 
35).  The  contribution  of  chronic  immune  activation/inflammation  to  prostate  tumor 
progression  is  an  area  of  considerable  interest  (36).  The  possibility  that  elevations  in 
SIBLINGS  (and  in  the  very  least  OPN)  were  associated  with  macrophage  recruitment  and 
infiltration  into  tumors  was  investigated  by  testing  for  correlation  between  a  marker  of 
macrophage  activation,  neopterin,  and  SIBLINGS.  The  correlation  between  SIBLING  and 
neopterin  was  tested  by  Spearman  correlation  given  the  non-parametric  distribution  of 
neopterin  (37).  Neither  BSP  or  DSPP  were  significantly  associated  with  neopterin  levels 
(data  not  shown).  The  levels  of  total  and  free  OPN  were  significantly  correlated  with 
neopterin  levels,  with  total  OPN  yielding  a  Spearman  r  value  of  0.41,  p  <  0.05  and  free 
OPN  yielding  a  Spearman  r  value  of  0.78,  p  <  0.0001. 

Confirmation  of  serum  DSPP  levels  by  another  method. 

The  gene  transcript  for  DSPP  yields  a  precursor  protein  that  is  processed  into  two 
distinct  proteins,  dentin  sialoprotein  (DSP)  and  dentin  phosphoprotein  (DPP)  (38).  In 
order  to  verify  elevated  levels  of  the  SIBLING  DSPP  in  serum  from  subjects  with 
prostate  cancer  and  to  identify  the  molecular  form  of  DSPP  present,  western  blotting  was 
performed.  Serum  samples  from  normal  donors  and  subjects  with  prostate  cancer  were 
resolved  by  SDS-PAGE  using  4  to  20%  acrylamide  gradient  gels  following  sample 
reduction,  transferred  to  nitrocellulose  membranes  and  probed  with  an  anti-DSP 
polyclonal  antibody.  Sera  derived  from  prostate  cancer  patients  consistently  exhibited 
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robust  staining  and  a  three  band  pattern  of  (panels  a  -  e)  of  immunoreactive  material.  In 
contrast,  normal  serum  (panel  f)  stained  lighter  at  an  equivalent  exposure  time  and  did 
not  exhibit  the  pattern  of  fragments  (Figure  7). 

Discussion 

Prostate  cancer  is  the  most  common  type  of  cancer  in  men  in  the  United  States, 
other  than  skin  cancer  (39).  Prostate  cancer  accounts  for  over  a  quarter  of  all  cancers  in 
men,  occurs  mostly  in  older  men,  and  the  risk  increases  with  age  (1).  There  has  been  an 
increase  in  the  incidence  of  prostate  cancer  since  the  early  1980's,  most  likely  due  to  an 
increased  use  of  screening  using  the  PSA  test  (40).  However,  the  role  of  screening  for 
prostate  cancer  remains  controversial. 

The  prevention  of  cancer  would  be  greatly  facilitated  by  the  availability  of  a 
sensitive  and  specific  screening  method  that  could  detect  the  cancer.  One  approach  to 
developing  markers  for  the  detection  of  cancer  has  been  to  identify  specific  cellular 
products  that  correlate  with  appearance  of  a  specific  neoplasm.  Although  specificity  can 
be  targeted  by  determining  an  individual  neoplastic  profile,  there  are  steps  and  pathways 
shared  by  many  different  neoplasms  that  arise  from  different  tissue  types.  To  survive 
nascent  neoplasms  must  overcome  proliferation  blockades,  growth  restriction,  physical 
barrier,  and  host  defense  systems.  Perturbations  in  somatic  cell  division  capacity 
(telomere  length  and  telomerase  activity),  cell  cycle  checkpoint  regulators  (pi 6),  DNA 
repair  versus  apoptosis  switches  (p53),  and  the  induction  of  proteases  (urokinase 


14 


plasminogen  activator,  plasmin  and  matrix  metalloproteinases)  may  be  considered 
paradigms  of  generalized  markers  applicable  to  prostate  cancer  (41-45). 

SIBLINGS,  through  their  interactions  with  multiple  binding  partners  such  as 
proteases  and  cell  surface  receptors,  have  biological  plausibility  to  be  playing  an  active 
role  in  tumor  progression  (10).  Different  cancer  types  exhibit  different  patterns  of 
individual  SIBLING  expression  (14)  as  well  as  serum  SIBLING  protein  levels  (17).  A 
number  of  separate  studies  have  investigated  BSP  and  OPN  levels  in  prostate  cancer. 
Increased  BSP  expression  in  prostate  carcinoma  has  been  associated  with  tumour 
progression  and  poor  prognosis  (23).  Induced  OPN  expression  and  a  positive  correlation 
between  OPN  expression  and  poor  prognosis  has  also  been  observed  (46,  47).  Both  BSP 
and  OPN  protein  levels  in  serum  were  found  to  be  elevated  in  prostate  cancer  (17). 
Relative  levels  of  DSPP  as  measured  by  immunohistochemistry  were  associated  with  the 
pathological  stage  and  the  Gleason  score  of  the  tumors  (25).  The  distribution  of  DMP1 
and  MEPE  in  prostate  cancer  have  not  been  previously  reported. 

The  expression  of  SIBLINGS  by  prostate  (and  breast)  carcinoma  prompted  the 
hypothesis  that  osteotropic  cancer  cells  express  osteomimetic  properties  that  favor 
“seeding”  in  the  skeleton  by  improving  their  adhesion,  proliferation,  and/or  survival  in 
bone  (48).  The  expression  of  these  ‘bone’  proteins  by  prostate  tumor  cells  do  not 
necessarily  target  cell  metastasis  to  bone.  It  is  also  possible  that  transcription  factors  that 
regulate  SIBLINGS  (e.g.  RUNX2)  produce  a  mesenchymal  phenotype  that  finds  bone  a 
fertile  soil  for  survival.  In  the  current  study,  the  total  serum  levels  of  BSP  and  OPN  were 
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found  to  be  significantly  elevated  only  in  late  stage  prostate  cancer.  While  free  OPN 
levels  increased  significantly  from  stage  II  through  stage  IV,  the  positive  association  of 
both  free  and  total  OPN  levels  with  the  activated  macrophage  marker  neopterin  suggest 
that  OPN  levels  may  be  reflecting  immune  responses  in  the  prostate  and  not  necessarily 
tumor  cell  activity.  Similarly,  the  correlation  of  OPN  with  serum  PSA  levels  may  be 
indicative  of  inflammation  and  not  tumor  pathology  (49,  50). 

While  there  was  overlap  between  the  high  end  of  normal  BSP  and  OPN  levels 
with  low  end  of  prostrate  group,  the  SIBLING  DSPP  exhibited  the  greatest  difference 
between  normal  sera  and  sera  derived  from  prostrate  cancer  subjects.  DSPP  was  initially 
characterized  through  the  isolation  of  one  of  its  cleavage  products  from  dentin  (51). 
Subsequent  cloning  of  the  gene  revealed  that  the  transcript  encodes  dentin  sialoprotein 
(DSP)  and  dentin  phosphoprotein  (DPP)  (38).  DSP  has  been  hypothesized  to  be  an 
important  factor  in  dentinogenesis,  while  DPP  may  be  involved  in  dentin 
biomineralization  (52).  Elevated  DSPP  expression  has  been  observed  in  a  subset  of  breast 
and  lung  cancers  (14)  as  well  as  in  prostate  cancer  (25).  The  antibodies  used  in 
immunohiostochemical  staining,  competitive  ELISA  and  western  blotting  recognize  the 
DSP  portion  of  DSPP.  It  is  of  note  that  western  blotting  of  sera  derived  from  prostrate 
cancer  patients  revealed  a  three  band  fragmentation  of  DSPP  that  was  not  detectable  in 
the  normal  population.  Proteolytic  processing  of  DSPP  by  MMP-2,  MMP-20  and 
kallikrein-related  peptidase  4  (KLK4)  has  been  reported  (53)  and  upregulation  of  both 
MMP-2  and  KLK4  in  prostate  cancer  have  been  observed  (45,  54). 
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Observations  of  current  study  are  consistent  with  SIBLING  levels  being 
associated  with  tumor  progression  and  suggest  that  SIBLINGS,  particularly  DSPP,  may 
be  developed  as  informative  serum  biomarkers.  The  lack  of  correlation  of  DSPP  serum 
levels  with  PSA  values  suggests  that  the  two  markers  might  complement  each  other  in 
increasing  sensitivity  and  specificity.  The  current  study  provides  evidence  in  support  of 
future  studies  screening  a  large  patient  population  as  well  as  testing  baseline  value 
association  with  disease  outcome  and  response  to  treatment  to  determine  the  utility  of  this 
new  serum  biomarker  for  prostate  cancer  detection. 
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Table  I.  SIBLING  protein  levels  in  prostate  cancer. 


NL 

PCA 

N 

110 

110 

Age  (years) 

65  ±  10 

63  +  5 

BMI  (kg/m2) 

23.1+2.6 

25.0  +  4.1 

BSP  (ng/ml) 

114  +  63 

222  +  98 

DSPP  (ng/ml) 

242  + 122 

1500  +  495 

MEPE  (ng/ml) 

93  +  19 

80  +  11 

OPN  (ng/ml) 

353  + 130 

546  + 170 

free  OPN  (ng/ml)  45  ±  20 

(n  =  50  each  group) 

127  +  80 
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FIGURE  LEGENDS 


Figure  1.  SIBLING  expression  in  normal  prostate  and  prostate  tumor  biopsies.  A  cancer 
profiling  array  was  hybridized  with  cDNA  probes  for  SIBLINGS.  The  arrays  contained 
samples  from  paired  normal  and  prostate  tumor  tissue  mRNA  from  individual  subjects. 
The  amount  of  hybridized  probe  for  BSP,  DMP1,  DSPP,  MEPE  and  OPN  was  (a) 
visualized  by  Phosphorlmager,  digitized  and  quantified  by  ImageQuant  software  and  the 
(b)  average  relative  expression  levels  in  normal  prostate  (NL)  and  prostate  tumor  (PCA) 
determined.  Values  depicted  represent  mean  ±  standard  deviation. 


Figure  2.  Serial  sections  of  biopsies  from  prostate  cancer  subjects  were  immuno-reacted 
with  monoclonal  antibodies  against  the  SIBLINGS  (a)  BSP,  (b)  DMP1,  (c)  DSPP  and  (e) 
OPN.  The  pinkish-red  color  indicates  positive  immuno-reactivity.  All  four  SIBLINGS 
exhibit  positive  staining  to  varying  degrees. 

Figure  3.  Serum  levels  of  SIBLINGS  in  prostate  cancer  sera.  Serum  levels  of  total  (a) 
(BSP),  (b)  OPN,  and  (c)  DSPP  in  samples  from  normal  subjects  (NL)  and  subjects  with 
diagnosed  prostate  cancer  (PCA)  were  quantified  using  competitive  ELISAs  following 
sample  extraction  and  clean-up.  The  solid  bar  represents  mean  values.  Receiver  Operator 
Characteristic  plots  and  the  area  under  the  curve  (AUC)  were  determined  for  (d)  BSP,  (e) 
DSPP  and  (f)  OPN. 
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Figure  4.  Serum  SIBLINGS  and  prostate  cancer  stage.  The  distribution  of  SIBLING 
values  between  cancer  stages  was  compared  for  (a)  BSP,  (b)  OPN  and  (c)  DSPP  by  box 
and  whiskers  plots.  In  Tukey  plots,  the  box  frame  defines  the  lower  and  upper  quartile, 
the  whiskers  depict  1.5  x  the  interquartile  range,  the  line  within  the  box  marks  the  median 
value  and  the  solid  circles  represent  outliers.  Differences  between  normal  and  prostate 
cancer  stages  were  tested  by  student’s  t-test.  Paired  values  of  SIBLINGS  with  PSA  for 
each  subject  were  plotted  for  (d)  BSP,  (e)  OPN  and  (f)  DSPP.  *,  p  <  0.05,  **,  p  <  0.01, 
***,  p  <  0.0001,  n.s.,  not  significant. 

Figure  5.  Free  OPN  levels  in  prostate  cancer,  (a)  A  subset  of  normal  subjects  (NL)  and 
subjects  with  diagnosed  prostate  cancer  (PCA)  had  appropriate  plasma  samples  that  were 
analyzed  for  free  OPN  and  the  distribution  and  mean  was  determined,  (b)  Receiver 
Operator  Characteristic  plots  and  the  area  under  the  curve  (AUC)  were  determined.  The 
distribution  of  free  OPN  values  between  cancer  stages  was  compared  by  Tukey  box  plots, 
and  (d)  paired  values  for  free  OPN  and  PSA  were  plotted. 

Figure  6.  Osteopontin  and  macrophage  activation.  The  levels  of  (a)  total  OPN  and  (b) 
free  OPN  were  plotted  as  a  function  of  serum  levels  of  the  macrophage  marker  neopterin. 

Figure  7.  Western  blot  analysis  of  serum  for  immunoreactive  DSPP.  Serum  samples  were 
resolved  by  SDS-PAGE  4  to  20%  acrylamide  gradient  gels  following  sample  reduction. 
An  anti-DSPP  polyclonal  antibody  was  employed  as  the  primary  antibody.  Sera  derived 
from  prostate  cancer  patients  consistently  exhibited  robust  staining  and  multiple 
(fragments)  (panels  a  -  e)  of  immunoreactive  material.  In  contrast,  normal  serum  (panel 
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f)  stained  lighter  at  an  equivalent  exposure  time  and  did  not  exhibit  the  pattern  of 
fragments. 
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ABSTRACT 

Background.  Instead  of  maintaining  organ  and  organismal  optimal  function,  homeostatic 
mechanisms,  in  the  setting  of  advanced  age  or  certain  disease  states,  can  contribute  to 
pathology  and  disease  progression.  Neopterin,  a  guanosine  triphosphate  metabolite 
expressed  by  macrophages,  is  a  marker  of  immune  activation.  The  current  study  was 
undertaken  to  measure  immune  activation,  testing  for  associations  with  age,  gender,  BMI, 
disease  state  and  stage. 

Methods.  Three  distinct  groups  were  studied:  healthy  lean  subjects  between  the  ages  of 
20  and  87,  subjects  with  BMI  values  in  the  obese  range,  and  subjects  newly  diagnosed 
with  cancer.  Neopterin  concentrations  were  measured  by  competitive  ELISA.  Values 
were  compared  by  a  Mann  Whitney  t-test,  the  paired  associations  between  neopterin  and 
age,  or  BMI  were  analyzed  by  Spearman  correlation,  while  overall  associations  were 
modeled  by  multiple  regression  of  neopterin  as  a  function  of  age,  gender,  BMI,  and 
disease  status. 

Results.  In  healthy  subjects,  neopterin  levels  differed  by  gender  and  increased  with 
increasing  age  for  both  men  and  women.  Obesity  was  associated  with  significantly 
increased  neopterin  levels.  In  the  cancer  group,  neopterin  was  elevated  and  correlated 
with  cancer  type  and  stage. 

Conclusion.  Because  neopterin  functions  in  immune  modulation,  the  observed  changes  in 
circulating  levels  of  this  biomarker  are  consistent  with  a  role  for  immune  activation  in 
aging,  obesity,  and  cancer.  The  association  of  age,  gender  and  BMI  with  neopterin  levels 
in  normal  physiological  events  (aging)  and  in  pathological  states  (obesity  and  cancer) 
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reflects  the  biology  underlying  late-age  onset  diseases  and  perhaps  gender  differences  in 
disease  incidence. 
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INTRODUCTION 

Immune  system  activation  plays  a  central  role  in  the  aging  process  in  normal, 
healthy  individuals  [1,2].  Neopterin,  a  metabolite  of  guanosine  triphosphate,  is  produced 
in  macrophages  upon  stimulation  by  interferon  gamma  released  by  activated  T  cells  [3]. 
In  humans,  neopterin  is  a  marker  of  Thl  cell  mediated  immune  activation  and 
macrophage  activity  [4].  This  marker  has  been  used  clinically  in  the  assessment  of 
bacterial  and  viral  infections  [5,6],  autoimmune  diseases  [7,8],  sleep  apnea  [9],  and  in 
malignant  conditions  [10]. 

Chronic  immune  activation  is  involved  in  a  number  of  diverse  pathologies 
including  AIDS  [11],  atherosclerosis  [12],  autoimmune  disease  [13],  obesity  and 
metabolic  syndrome  [14,15].  The  current  study  was  undertaken  to  measure  neopterin, 
testing  for  associations  with  age,  gender,  BMI,  disease  state  and  stage  in  three  distinct 
study  populations.  The  three  groups  included  a  normal  sample  of  men  and  women 
spanning  a  wide  age  range  (20  to  80),  an  obese  group,  and  a  sample  of  patients  with 
underlying  malignancy.  Associations  between  serum  neopterin  and  age,  gender,  BMI, 
and  cancer  type  and  stage  were  detennined. 

METHODS 

Subjects.  Three  distinct  groups  were  studied.  Sera  from  161  clinically  defined 
healthy  participants  between  the  ages  of  20  and  80,  with  at  least  10  subjects  per  gender 
per  decade,  (cohort  1)  were  obtained  under  IRB  approved  protocols  from  a  serum  bank 
(SeraCare  Life  Sciences  Inc.,  Oceanside,  CA)  as  well  as  from  the  Johns  Hopkins 
Bayview  Medical  Center  General  Clinical  Research  Center.  For  this  study,  inclusion 
criteria  as  a  normal  healthy  serum  donor  included  measures  within  the  normal  range  for 
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fasting  glucose  (<  100  mg/dl),  TSH  (0.5  -  2.1  mlU/mL),  BMI  (18.5-  25  kg/m2)  as  well  as 
a  clinical  assessment  by  a  physician.  Exclusionary  criteria  included  a  previous  self- 
reported  history  of  hypertension,  heart  disease,  diabetes  mellitus,  dementia,  renal  or 
hepatic  dysfunction,  cancer,  or  any  chronic  inflammatory  condition  (e.g.,  rheumatoid 
arthritis). 

The  second  group  of  subjects,  cohort  2,  were  those  who  were  otherwise  healthy 
but  were  obese  (BMI:  30  -  40  kg/m  ).  Patients  with  a  previous  history  of  hypertension, 
angina,  myocardial  infarction,  percutaneous  transluminal  coronary  angioplasty,  coronary 
artery  bypass  surgery,  congestive  heart  failure,  and  stroke  were  ineligible.  Other 
exclusionary  criteria  included  a  history  of  diabetes  mellitus,  fasting  glucose  >  126  mg/dl, 
pulmonary  disease,  renal  or  hepatic  dysfunction,  dementia,  cancer,  or  any  chronic 
inflammatory  condition.  The  third  cohort,  which  was  obtained  from  a  serum  repository, 
consisted  of  124  cancer  subjects  consisting  of  66  females  with  breast  cancer,  38  males 
with  prostate  cancer  and  20  lung  cancer  subjects  (7  female  and  13  male).  Blood  was 
drawn  at  time  of  diagnosis,  prior  to  initiation  of  treatment.  For  all  three  groups,  use  of 
anti-inflammatory  agents  (e.g.,  steroids)  was  part  of  the  exclusion  criteria.  Approval  for 
the  study  protocol  was  acquired  from  the  local  institutional  review  board  and  informed 
consent  was  obtained  from  all  patients. 

Clinical  Measures.  Anthropometric  measures  included  height,  weight,  and  waist 
circumference.  A  fasting  blood  sample  was  obtained  in  a  resting  and  fasting  state  in  the 
morning.  All  venous  samples  were  placed  at  4°C  prior  to  serum  separation.  After 
centrifugation  at  3000  rpm  for  20  minutes,  serum  was  stored  at  -80°C.  Serum  neopterin 
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was  measured  using  a  commercially  available  competitive  ELISA  (ALPCO  Diagnostics, 
Inc.)-  In  the  laboratory,  this  enzyme  immunoassay  had  a  sensitivity  of  0.8  nM  and  an 
inter-assay  coefficient  of  variance  of  5.29%. 

Statistical  Analysis.  Univariate  statistics  of  the  all  three  samples  collectively  and 
individually  were  examined.  Given  the  non-normal  distribution  of  serum  neopterin  levels, 
group  comparisons  were  subsequently  perfonned  using  a  Mann- Whitney  t-test.  The 
association  of  neopterin  with  age  or  BMI  was  analyzed  using  the  Spearman  correlation 
test.  The  Kruskal-Wallis  test  was  employed  to  compare  differences  in  neopterin  levels 
between  the  three  cancer  types.  The  association  of  neopterin  with  age,  gender,  BMI  and 
disease  was  modeled  and  analyzed  after  log  transformation  of  neopterin  levels  by 
multiple  linear  regression.  All  statistical  calculations  were  carried  out  using  Prism  and 
InStat  software  (GraphPad,  Inc.)  and  StatView  5  (SAS  Institute,  Inc.). 

RESULTS 


The  normal  healthy  cohort  consisted  of  161  lean  subjects  (n  =  74  for  female,  n  = 
87  for  male).  The  mean  age  was  5 1  ±  18  for  women,  52  ±  17  for  men,  while  the  mean 
BMI  values  were  22.6  ±  1 .4  and  22.1  ±  1.6  kg/m"  for  women  and  men,  respectively.  The 
distribution  of  neopterin  in  the  serum  from  this  cohort  was  right-skewed  with  a  median  of 
5.13  nM  (interquartile  range:  4.42  -  5.81)  and  a  mean  value  of  5.25  ±  1.2  nM  for  women 
and  men  combined.  Serum  neopterin  levels  were  higher  in  women  than  men  with  a 
medium  values  of  5.40  versus  5.06  nM,  p  =  0.0052  (Figure  lb).  Spearman  correlation 
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analysis  revealed  that  the  association  between  age  and  neopterin  was  significant  in  both 
genders  (Figure  lc).  When  neopterin  values  were  stratified  by  gender  and  by  decade, 
women  exhibited  statistically  significant  higher  levels  of  serum  neopterin  than  males 
from  the  fifth  through  seventh  decades  of  life  when  compared  using  a  Mann  Whitney  t- 
test  (Figure  Id). 

Multiple  linear  regression  was  employed  in  order  to  test  the  relative  contribution 
of  age,  gender  and  BMI  to  neopterin  levels  in  the  normal  healthy  population.  The  percent 
of  the  variance  in  [, neopterin ]  explained  by  the  model  was  47%  and  the  variables  age, 
gender  and  BMI  all  made  significant  contributions  to  the  model  (Table  I).  Effect  size 
estimates  for  age  and  BMI  were  standardized  to  reflect  the  change  in  neopterin  per  a  one 
quartile  range  unit  change  in  either  age  or  BMI.  Neopterin  levels  increased  0.628  per 
interquartile  range  increase  in  age  and  decreased  0.167  per  interquartile  range  increase  in 
BMI  (p  <  0.0001).  Men  were  observed  on  average  to  have  0.261  lower  neopterin  levels 
than  women  (p  <  0.0001).  The  lesser  impact  of  BMI  on  neopterin  levels  could  be 
reflecting  the  relatively  narrow  range  of  BMI’s  in  this  normal  weight  population. 

The  second  cohort  consisted  of  70  obese  subjects  who  were  otherwise  healthy  (n 
=  22  for  female,  n  =  48  for  male).  The  mean  age  was  5 1  ±  12  for  women,  48  ±  12  for 
men,  while  the  mean  BMI  values  were  34.4  ±  2.5  and  34.4  ±  2.8  for  women  and  men, 
respectively.  Serum  neopterin  was  significantly  elevated  in  the  obese  population,  with  a 
mean  of  7.32  ±  1.73  nM  and  a  median  of  7.38  (p  <  0.0005  compared  to  cohort  1).  When 
obese  subjects  were  segregated  by  gender,  the  median  value  of  neopterin  in  the  female 
group  (7.32)  was  higher  then  for  males  (6.88),  though  the  difference  was  not  statistically 
significant  (Figure  2  b).  When  the  association  of  age  with  neopterin  values  in  the  obese 
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population  was  investigated  it  was  found  to  not  be  statistically  significant  by  Spearman 
correlation  (Figure  2c),  suggesting  that  perhaps  obesity  saturates  the  signal  or  that  there 
was  not  enough  power  in  the  obese  group  to  look  at  age  effects. 

Combining  normal  and  obese  populations  revealed  a  significant  positive 
correlation  of  BMI  with  neopterin  across  the  combined  populations  (Figure  2  d).  The 
combined  normal  and  obese  populations  were  also  modeled  by  multiple  linear  regression 
using  log  transformed  neopterin  values  (Table  1).  The  variance  in  log(neopterin) 
explained  by  a  linear  model  with  variables  of  age,  gender  and  BMI  was  39%  (p  < 

0.0001).  Standardized  beta  estimates  in  the  combined  population  (cohorts  1  and  2) 
reflected  statistically  significant  increases  in  neopterin  of  0.424  and  0.5 14  per 
interquartile  range  increase  in  age  and  BMI,  respectively.  Men  had  0.114  lower  neopterin 
levels  compared  to  women. 

Sera  from  cohort  3,  a  cancer  population  consisting  of  subjects  with  breast, 
prostate  or  lung  cancer,  were  analyzed  for  neopterin  levels.  The  values  of  neopterin  in  the 
serum  from  all  124  cancer  subjects  exhibited  a  mean  value  of  15  ±  25  nM  and  a  median 
value  of  8.25  nM.  Lung  cancer  subjects  exhibited  the  highest  levels  of  neopterin, 
followed  by  prostate  cancer  and  then  breast  cancer  (Figure  3a).  The  range  of  values  for 
age  (62  ±  14,  66  ±  14  and  69  ±  8  years)  and  BMI  (24.6  ±  3.3,  25.0  ±4.1  and  23.2  ±  4.4 
kg/m  )  for  the  cancer  subjects  was  not  significantly  different  between  breast,  prostate  and 
lung  cancer  groups,  respectively.  The  effect  of  gender  on  neopterin  levels  was  not 
assessable  in  the  gender  specific  cancers  (breast  and  prostate).  However,  the  lung  cancer 
group  consisted  of  7  female  and  13  males  with  median  neopterin  values  of  42.6  and  18.3 
nM,  respectively,  and  these  medians  were  significantly  different  (p  <  0.05).  A  Mann- 
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Whitney  test  comparing  the  gender-matched  nonnal  and  cancer  neopterin  values  yielded 
significant  differences  (p  <  0.0001  for  nonnal  female  versus  breast  cancer,  normal  male 
versus  prostate  cancer,  and  both  genders  of  nonnals  versus  lung  cancer).  Neopterin 
values  segregated  by  cancer  type  were  significantly  different  from  each  other  (p  < 

0.0001)  when  medians  were  compared  by  a  Kruskal  Wallis  test  with  a  Dunn’s  multiple 
comparison. 

We  have  shown  that  neopterin  levels  have  a  significant  positive  association  with 
age  in  the  normal  population.  The  influence  of  age  on  neopterin  values  in  the  cancer 
population  was  also  investigated.  Age  was  significantly  correlated  with  serum  neopterin 
values  in  breast  cancer  subjects  as  assessed  by  Spearman  correlation  (Figure  3b).  Neither 
prostate  nor  lung  cancer  neopterin  levels  were  correlated  with  age  (Figure  3  c). 

The  observation  of  increased  neopterin  levels  in  sera  from  subjects  with  cancer 
would  suggest  that  extent  of  disease  (staging)  might  be  correlated  with  immune  activation 
and  its  surrogate  marker  neopterin.  The  association  of  cancer  stage  groupings  with  serum 
neopterin  values  was  investigated  for  breast  and  prostate  cancer  where  sufficient  numbers 
for  comparison  were  present  in  each  stage.  Neopterin  increased  between  normal  and 
stage  I  breast  cancer.  The  median  value  for  stages  I  through  IV  increased  with  increasing 
stage  (Figure  3d).  Stage  I  and  II  (representing  early  stages  of  breast  cancer)  neopterin 
levels  were  not  significantly  different  from  the  median  of  the  normal  population.  The 
medians  of  neopterin  in  the  more  advanced  stages  (III  and  IV)  were  significantly  elevated 
compared  to  the  normal  median  value.  Metastatic  disease  (stage  IV)  was  significantly 
elevated  compared  with  all  other  stages  and  had  a  median  value  ~2-fold  higher  then 
nonnal  (Figure  3d). 
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Perhaps  because  of  differences  in  screening  and  diagnosis,  the  prostate  group  in 
the  cancer  population  consisted  of  stages  II  through  IV,  but  no  early  stage  (stage  I) 
subjects.  When  prostate  cancer  was  segregated  by  stage,  a  similar  pattern  of  increasing 
neopterin  levels  with  increasing  stage  was  observed.  The  median  values  of  stages  II 
through  IV  were  significantly  different  from  the  normal  median  value  (Figure  3e). 
Among  the  different  stages,  stage  II  and  III  were  significantly  different  from  stage  IV. 
Metastatic  disease  in  prostate  cancer  was  associated  with  a  4-fold  higher  median  value  of 
serum  neopterin  when  compared  to  that  of  the  normal  male  population. 

Neopterin  levels  in  the  cancer  population  were  also  modeled  by  multiple  linear 
regression.  Models  describing  the  association  between  the  log  of  neopterin  levels  and 
breast  or  prostate  cancer  were  adjusted  for  age,  BMI  and  stage.  For  breast  cancer,  the 
variables  age  and  stage  contributed  significantly  to  neopterin  values  (Table  II) 
accounting  for  22  %  of  the  variance.  For  prostate  cancer,  the  variables  BMI  and  stage 
contributed  significantly  to  neopterin  levels,  with  the  model  accounting  for  45%  of 
neopterin  variance.  For  both  breast  and  prostate  cancer,  stage  contributed  the  most  to 
neopterin  values. 
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DISCUSSION 


Neopterin  (6-D-erythro- 1  ',2',3'-trihydroxypropyl-pterin)  is  synthesized  from 
guanosine  triphosphate  (GTP)  by  GTP-cyclohydrolase  I  in  response  to  interferon-y  (IFN- 
y)  stimulation  of  human  monocytes/macrophages  [16,17].  Increased  concentrations  of 
neopterin  in  serum  have  been  found  during  viral  infections,  various  malignant  disorders 
and  autoimmune  diseases  [7].  The  current  study  demonstrates  for  the  first  time  that  in  a 
well-defined  normal  population,  serum  neopterin  levels  vary  with  age  and  gender.  The 
observation  of  an  increase  in  neopterin  production  with  increasing  age  is  consistent  with 
a  number  of  other  studies  [18,19].  In  general,  these  previous  study  populations  compared 
discrete  groups  of  young  (<  40  years  of  age)  to  old  (>  60  years  of  age).  In  addition, 
entry/enrollment  criteria  in  those  studies  did  not  necessarily  exclude  diseases  associated 
with  immune  activation  and  increased  neopterin  concentrations  in  the  elderly,  such  as 
atherosclerosis  [20]  or  dementia  [21]. 

The  current  study  models  neopterin  along  a  continuous  aging  trajectory  with  at 
least  10  subjects  per  gender  per  decade  spanning  the  20’s  to  the  80’s.  Our  normal  as  well 
as  the  obese  group  had  extensive  exclusion  criteria  to  minimize  confounding  due  to  age- 
related  conditions.  It  is  possible  that  in  our  older  normal  subjects,  pathological  processes 
may  have  already  started  that  are  clinically  latent.  However,  changes  were  observed  in 
neopterin  between  relatively  young  ages  (e.g.  -  third  and  fifth  decades.  A  novel  finding 
of  the  current  study  is  that  the  changes  in  neopterin  with  age  were  associated  with  gender 
differences. 
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Median  values  of  neopterin  significantly  diverge  between  male  and  female 
subjects  beginning  at  a  peri-menopausal  age  range.  Estrogen  has  well  characterized  anti¬ 
inflammatory  effects  [22].  The  reduction  in  estrogen  with  menopause  may  contribute  to 
increased  chronic  inflammation  and  immune  activation  with  an  associated  increase  in 
serum  neopterin  levels.  The  effects  of  gender  on  serum  neopterin  may  be  linked  to 
gender  differences  in  chronic  immune  activation.  Gender  differences  in  susceptibility  to 
autoimmune  diseases  have  been  observed,  with  women  at  greater  risk  than  men  of 
rheumatoid  arthritis  and  multiple  sclerosis  [23]. 

Serum  neopterin  levels  are  elevated  in  a  number  of  pathologies  involving  chronic 
inflammation,  including  alcoholic  hepatitis,  hepatitis  B  and  C  virus,  rheumatoid  arthritis, 
atherosclerosis,  diabetes,  and  inflammatory  bowel  diseases  [4],  The  association  of 
neopterin  values  with  BMI  observed  in  the  current  study  including  obese  subjects  is 
consistent  with  obesity’s  chronic  inflammatory  state  and  with  previous  studies  on  serum 
neopterin  levels  [9,24].  Aging  also  has  been  associated  with  low-level  inflammation 
(“inflammaging”  [25]),  thought  to  lead  to  or  exacerbate  many  chronic  medical  conditions 
[26,27].  The  current  study  indicates  that  the  effects  of  age  and  gender,  which  contributed 
significantly  to  serum  neopterin  values  in  the  defined  normal  population,  were 
diminished  covariates  in  subjects  with  obesity  and  cancer.  Presumably,  this  is  due  to 
greater  impact  of  those  diseases  on  immune  and  macrophage  activation. 

At  least  15-20%  of  cancers  are  attributed  to  infection-mediated  inflammation 
[28].  In  the  absence  on  infection,  the  tumor  microenvironment  itself  is  associated  with  a 
localized  inflammatory  state  with  altered  cytokine  and  protease  levels  and  activity  that 
are  thought  to  contribute  to  neoplastic  progression  [29].  Elevated  serum  neopterin  levels 
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associated  with  late  stage  disease  have  been  previously  reported  in  breast  [30],  prostate 
[31]  and  lung  cancer  [32].  In  our  regression  modeling,  tumor  staging  as  well  as  donor  age 
contributed  significantly  to  neopterin  levels  in  breast  cancer,  while  BMI  and  stage 
contributed  significantly  to  neopterin  levels  in  prostate  cancer.  It  remains  to  be  seen  in 
larger  cohorts  whether  this  differential  in  confounders  (breast  cancer/age;  prostate 
cancer/BMI)  reflects  biologic  processes  (e.g.  hormonal)  or  only  that  our  power  did  not 
permit  breast  cancer/BMI  or  prostate  cancer/age  effect  to  be  seen.  Assessing  the  impact 
of  gender  on  neopterin  levels  in  the  setting  of  cancer  was  limited  in  the  current  study  by 
the  small  number  of  lung  cancer  subjects.  Gender  effects  could  not  be  studied  by 
combining  cancer  types,  given  the  fundamental  differences  in  the  biology  of  breast  and 
prostate  tumor  cell  progression.  The  analysis  of  a  large  cancer  population  that  includes 
both  genders  would  enable  a  better  assessment  of  the  relative  contribution  of  gender 
differences  to  neopterin.  In  conclusion,  age,  gender  and  BMI  are  covariates  that  should  be 
assessed  in  any  use  of  neopterin  as  a  diagnostic/prognostic  marker.  The  relative 
contribution  of  age,  gender  and  BMI  to  modulating  neopterin  levels  (a  surrogate  for 
immune  activation)  in  nonnal  physiological  events  and  in  pathological  states  reflects  the 
biology  underlying  aging,  late-age  onset  diseases  and  perhaps  gender  differences  in 
disease  incidence. 
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Table  I.  Neopterin  Multiple  Linear  Regression  of  Normal  and  Normal  +  Obese  Groups. 


Normal  (n  =  161) 

Normal  +  Obese  (n  =  23 1) 

P  ±  se  (p-value) 

P  ±  se  (p-value) 

Age 

0.0037  ±  0.0003  (<  0.0001) 

0.0032  ±  0.0004  (<  0.0001) 

Gender 

-0.054  ±  0.012  (<  0.0001) 

-0.028  ±  0.012  (<  0.05) 

BMI 

-0.011  ±0.004  (<  0.01) 

0.011  ±0.001  (<  0.0001) 

Coefficients  are  based  on  multiple  linear  regression  of  log  transfonned  neopterin  values.  The  units  for 

2 

age  and  BMI  are  years  and  kg/m  ,  while  for  gender  coding,  0  =  female  and  1  =  male. 
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Table  II.  Neopterin  Multiple  Linear  Regression  of  Breast  and  Prostate  Cancer  Groups. 


Breast  cancer 

Prostate  cancer 

(n  =  66) 

(n  =  38) 

P  ±  se  (p-value) 

p  ±  se  (p-value) 

Age 

0.003  ±0.001  (<  0.01) 

" 

BMI 

- 

0.013  ±0.007  (<  0.05) 

Stage 

0.057  ±  0.019  (<  0.01) 

0.199  ±0.043  (<  0.001) 

Coefficients  are  based  on  multiple  linear  regression  of  log  transformed  neopterin  values.  The  units  for 
age  and  BMI  are  years  and  kg/m".  The  classifications  for  stage  were  as  follows.  For  breast  cancer,  stage 
I  tumor  size  (T)  <  2  cm  across  and  cancer  cells  have  not  spread  to  axillary  lymph  nodes  (N).  For  stage  II, 
T  <  2  cm  across  and  the  cancer  has  spread  to  the  lymph  nodes  under  the  arm  (N  positive)  or  T  is  2  to  5 
cm  and  N  is  negative.  In  stage  III,  T  >  5  cm  or  it  has  spread  to  other  lymph  nodes  or  tissues  near  the 
breast.  Stage  IV  is  metastatic  cancer.  For  prostate  cancer  in  stage  I,  cancer  is  found  in  the  prostate  only. 
In  stage  II,  cancer  is  more  advanced  than  in  stage  I,  but  has  not  spread  outside  the  prostate.  In  stage  III, 
cancer  has  spread  beyond  the  outer  layer  of  the  prostate  to  nearby  tissues.  Stage  IV  is  characterized  by 
distant  metastasis. 


21 

http  ://mc.manuscriptcentral.com/jg  ms 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Manuscripts  submitted  to  Journal  of  Gerontology:  Medical  Sciences 


Page  22  of  26 


FIGURE  LEGENDS 


Figure  1:  Serum  neopterin  levels  among  healthy  lean  subjects.  The  levels  of  neopterin  in 
161  normal  subjects  were  determined  by  commercial  sandwich  ELISA,  (a)  The  frequency 
distribution  of  the  values  across  all  normal  subjects  was  determined,  (b)  The  distribution 
of  neopterin  values  between  genders  was  compared  by  box  and  whiskers  Tukey  plot 
where  the  box  frame  defines  the  lower  and  upper  quartile,  the  whiskers  depict  1.5  x  the 
interquartile  range  and  the  line  within  the  box  marks  the  median  value,  (c)  The  levels  of 
neopterin  were  plotted  as  a  function  of  age  among  women  (circle)  and  men  (square)  and 
subjected  to  Spearman  rank  correlation  analysis,  (d)  Subjects  were  grouped  by  gender 
and  decade  of  life  and  the  levels  of  serum  neopterin  were  graphed  by  box  and  whiskers 
plot  and  compared  by  Mann  Whitney  t-test.  Shaded  boxes  represent  men. 

Figure  2.  Serum  neopterin  levels  in  obese  subjects.  The  levels  of  neopterin  in  70  obese 
subjects  were  detennined  by  commercial  sandwich  ELISA,  (a)  The  frequency 
distribution  of  the  values  across  the  obese  population  subjects  was  determined,  (b)  The 
distribution  of  neopterin  values  between  genders  was  compared  by  box  and  whiskers 
plot,  (c)  The  levels  of  neopterin  were  plotted  as  a  function  of  age  among  women  (circle) 
and  men  (square),  (d)  The  normal  study  population  (Figure  1)  was  combined  with  the 
obese  population  and  neopterin  was  plotted  as  a  function  of  BMI. 

Figure  3.  Serum  neopterin  levels  among  cancer  subjects.  The  levels  of  neopterin  in  124 
cancer  subjects  were  determined  by  commercial  sandwich  ELISA.  The  study  population 
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consisted  of  66  women  with  breast  cancer,  38  men  with  prostate  cancer  and  12  men  and  8 
women  with  lung  cancer,  (a)  The  distribution  of  neopterin  values  among  normal  weight 
women  (open  circle)  and  women  with  breast  cancer  (closed  circle),  normal  weight  men 
(open  square)  and  men  with  prostate  cancer  (closed  square),  all  normal  subjects  (open 
diamond)  and  lung  cancer  subjects  (closed  diamond)  was  graphed  by  scatter  plot  where 
the  solid  horizontal  bars  depicts  the  median  values,  (b)  The  levels  of  neopterin  in  women 
with  breast  cancer  were  plotted  as  a  function  of  age  and  subjected  to  linear  regression 
analysis,  (c)  Neopterin  values  in  subjects  with  prostate  (closed  square)  or  lung  cancer 
(closed  diamond)  were  plotted  as  a  function  of  subject  age.  Subjects  with  (d)  breast 
cancer  stage,  or  (e)  prostate  cancer  were  stratified  by  stage  and  the  distribution  of 
neopterin  values  compared  by  scatter  plot  where  the  solid  horizontal  bars  depicts  the 
median  values.  Comparison  between  normal  and  cancer  median  neopterin  values  was 
performed  by  Mann  Whitney  t-test,  where  *  =  p  <  0.05,  **  =  p  <  0.005,  ***  =  p  < 

0.0001. 
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